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In the last decades, advanced imaging techniques have improved our ability to 
analyze biological systems at the micro and nanoscale, and in real time. Microscopy 
techniques have their own strengths and limitations, so their combination has the 
potential to provide a more comprehensive understanding of biological processes. This 
thesis is focused on the development and application of simultaneous fluorescence and 
atomic force microscopy (AFM) to study mechanically-induced bacterial death. The 
results reported here provide a quantitative understanding of the mechanical 
interactions between the AFM tip and bacteria, in the context of emerging mechano-
bactericidal nanomaterials. 
This manuscript is divided into six chapters and one appendix. Chapter 1 provides an 
overview of the bacterial world and the strategies used over the years to combat the 
increasing bacterial contamination of surfaces, emphasizing the recent strategy based 
on mechanical damage. It also describes the microscopy techniques used, highlighting 
the strengths and weaknesses of each one, and discussing why correlative microscopy 
is more suitable to study this kind of processes. Chapter 2 describes the general 
materials and methods applied in this thesis and the software used to analyze 
experimental data. Chapter 3 provides the groundwork to develop a methodology to 
successfully combine AFM nanoindentation and fluorescence microscopy 
simultaneously using fluorescent polymer beads, focusing on the challenges that may 
arise when simultaneous measurements are performed. In Chapter 4, the methodology 
was adapted to image bacteria in physiological conditions, and optimal protocols to 
perform reproducible experiments on living bacteria were found. This optimized 
methodology in combination with a fluorescent cell membrane integrity marker was 
successfully applied to quantify the forces needed to rupture the bacterial cell wall.  
Moreover, a correlation between the forces exerted on bacteria and the kinetics of the 
fluorescence response is found. Chapter 4 is complemented by Appendix A, which 
provides the mechanical characterization of the bacterial wall below the rupture point, 
in order to give a more complete overview of the mechanical properties of the bacterial 
surface. Chapter 5 explores a different method to assess bacterial viability upon 
nanoindentation by monitoring the oscillation of the Min system, which reflects 
bacterial physiology. This method reveals that forces below the breakage point of the 
cell wall produce a fatigue effect, and provides a quantitative framework to understand 
low force collisions between bacteria and nanomaterials. These experiments also 
emphasize the limitation of integrity markers to provide a comprehensive view of 
bacterial response. The aim of Chapter 6 is to provide coherence and perspective to the 
main results of the thesis, as well as an outlook on how advanced microscopy methods 
and future experiments may impact the study of interactions between bacteria and 




En las últimas décadas, las técnicas avanzadas de imagen han mejorado nuestra 
capacidad de analizar sistemas biológicos a la micro y nanoescala, y en tiempo real. Las 
técnicas de microscopía tienen sus propias fortalezas y limitaciones, por lo que su 
combinación tiene el potencial de proporcionar una mejor comprensión de los procesos 
biológicos. Esta tesis se centra en el desarrollo y la aplicación de fluorescencia y 
microscopía de fuerza atómica (AFM) simultánea para estudiar la muerte bacteriana 
inducida mecánicamente. Los resultados presentados proporcionan una comprensión 
cuantitativa de las interacciones mecánicas entre la punta de AFM y las bacterias, en el 
contexto de los emergentes nanomateriales mecano-bactericidas. 
Esta tesis está dividida en seis capítulos y un apéndice. El Capítulo 1 proporciona una 
visión general del mundo bacteriano y las estrategias utilizadas a lo largo de los años 
para combatir la creciente contaminación bacteriana sobre las superficies, enfatizando 
la reciente estrategia basada en el daño mecánico. También describe las técnicas de 
microscopía utilizadas, destacando las fortalezas y debilidades de cada una, y 
discutiendo por qué la microscopía correlativa es más adecuada para estudiar este tipo 
de procesos. El Capítulo 2 describe los materiales y métodos generales aplicados en esta 
tesis y el software utilizado para analizar datos experimentales. El Capítulo 3 
proporciona la base para desarrollar una metodología correlativa que permita combinar 
con éxito la nanoindentación de AFM y la microscopía de fluorescencia 
simultáneamente, usando microesferas poliméricas fluorescentes, y centrándose en los 
desafíos que pueden surgir cuando se realizan mediciones simultáneas. En el Capítulo 4, 
la metodología se adaptó para poder medir bacterias en condiciones fisiológicas, y se 
encontraron unos protocolos óptimos para realizar experimentos reproducibles en 
bacterias vivas. Esta metodología optimizada en combinación con un marcador 
fluorescente de integridad de la membrana celular se aplicó con éxito para cuantificar 
las fuerzas necesarias para romper la pared celular bacteriana. Además, se encuentra 
una correlación entre las fuerzas ejercidas sobre las bacterias y la cinética de la 
respuesta de fluorescencia. El Capítulo 4 se complementa con el Anexo A, que detalla la 
caracterización mecánica de la pared bacteriana por debajo del punto de ruptura, con 
el fin de proporcionar una descripción más completa de las propiedades mecánicas de 
la pared bacteriana. El Capítulo 5 explora un método diferente para evaluar la viabilidad 
bacteriana como consecuencia de la nanoindentación mediante el seguimiento de la 
oscilación del sistema Min, que refleja la fisiología bacteriana. Este método revela que 
las fuerzas por debajo del punto de rotura de la pared celular producen un efecto de 
fatiga y proporciona un marco cuantitativo para comprender las colisiones de baja 
fuerza entre bacterias y nanomateriales. Estos experimentos también enfatizan la 
limitación de los marcadores de integridad para proporcionar una visión integral de la 
respuesta bacteriana. El objetivo del Capítulo 6 es proporcionar coherencia y 
perspectiva a los principales resultados de la tesis, así como una proyección de cómo los 
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métodos avanzados de microscopía y futuros experimentos pueden mejorar el estudio 
















































1.1 The bacterial world 
The world we live in today is mostly composed of bacteria. The total biomass of the 
smallest organisms on Earth, i.e. bacteria and archaea, has been estimated to equal that 
of terrestrial and marine plants.1 Bacteria were among the first forms of life to emerge, 
before animals and plants. Through two extraordinary events, bacteria made possible 
the human life: firstly, bacteria (cyanobacteria) started to release oxygen as a 
consequence of photosynthesis, creating the atmosphere of the earth.2, 3 Secondly, 
bacteria, in symbiosis with other cells, created the complex cells present in plants and 
animals necessary for their life and evolution.2-4 Therefore, bacteria built the world we 
live in today. 
Bacteria are unicellular prokaryotic organisms that reproduce by binary fission. As a 
main feature, prokaryotes do not have intracellular compartments delimited by 
membranes, so they lack a nuclear membrane, unlike eukaryotes, and the prokaryotic 
DNA is circular and closed.5 The bacterial cell is about 70-80% water, 15% proteins and 
7% nucleic acids (predominantly RNA), 3% carbohydrates and 2% lipids and several other 
components in small percentages.6 
The bacterial cell envelope can vary considerably in its structure, and it plays a central 
role in the properties and capabilities of the cell.7, 8 In general, the bacterial cell envelope 
falls in two major types9: Gram-negative bacteria, which have two membranes, a 
cytoplasmic and outer membrane separated by the periplasm in which is a thin cell wall 
made up of peptidoglycan, and the Gram-positive bacteria which have only a 
cytoplasmic membrane surrounded by a much thicker peptidoglycan layer (Figure 1.1). 
 
 
Figure 1.1: Scheme highlighting the differences between the cell wall structure of Gram-negative 




The cytoplasmic membrane or plasma membrane is about 7.5 to 10 nm thick and 
composed of phospholipid and protein molecules. The cytoplasmic membrane encloses 
the cytoplasm of the bacterium and is a selectively permeable membrane that 
determines and regulates what goes in and out of the organism (i.e. flow of nutrients, 
or chemical needed for metabolism). Functions associated with the cytoplasmic 
membrane include energy production or waste removals, among others.11 
Lying outside of this membrane there is a semirigid, tight knit molecular complex wall 
that determines the shape of the bacterial cell. This wall is made of a huge molecule 
called peptidoglycan (or murein). Peptidoglycan is a vast polymer consisting of 
interlocking chains of identical monomers, which consists of two joined amino sugars, 
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), with a pentapeptide 
coming off of the NAM. The peptidoglycan prevents osmotic lysis. As seen earlier, 
bacteria concentrate dissolved biomolecules and ions, making the bacterium's 
cytoplasm usually hypertonic to its surrounding environment so the net flow of free 
water is into the bacterium. Without a strong cell wall, the bacterium would burst from 
the osmotic pressure of the water flowing into the cell.11 
Gram-positive bacteria have a relatively thick continuous cell wall, which is composed 
largely of peptidoglycan multilayers (20 to 100 nm ~ 60 to 90 % cell wall).6-9, 12, 13 Other 
cell wall polymers are covalently attached to the peptidoglycan, such as teichoic acids, 
polysaccharides and peptide-glycolipids. In contrast, the peptidoglycan layer in Gram-
negative bacteria is thin (up to 10 nm thick ~ 10 to 20 % cell wall). 6-9, 12, 13, representing 
probably one to a few layers. Outside the peptidoglycan layer in the Gram-negative 
envelope is an outer membrane structure (about 7.5 to 10 nm thick, similar to plasma 
membrane), composed of phospholipids, lipoproteins, lipopolysaccharides (LPS). 
This Gram-positive and negative major division owes its name to the Danish physician 
Hans Christian Gram for one of the most useful staining reactions called the Gram stain, 
developed in 1884.14 In Gram-positive bacteria the peptidoglycan forms a thick meshlike 
layer that retains the blue dye of the Gram stain by trapping it in the cell. In contrast, in 
Gram-negative bacteria the peptidoglycan layer is very thin (only one or two molecules 
deep), and the blue dye is easily washed out of the cell.15 
The ratio of bacteria-to-human cells is of the order of 1.3:1 or even 10:1, depending 
on the estimates.16, 17 These figures highlight the biological importance of the 
microbiota. Bacteria are needed to keep ourselves healthy, since they help us in tasks 
such as fighting against foreign invaders or in processes such as digestion. 
However, not all bacteria we know are beneficial for humans. Pathogenic bacteria 
can cause serious diseases such as infections, pneumonia or cancer, and therefore it is 
necessary to develop strategies or protocols to combat them, even preventing their 




1.2 Antibacterial strategies: surfaces and colloids 
The number of strategies investigated to fight bacterial infection is also growing, and 
this field represents a very active area of research in the biomaterials community. 18-26  
Bacterial contamination is detrimental to industrial processes and hazardous to 
human health.27, 28 The scientific and industrial interest in antibacterial surfaces has 
significantly increased in recent times due to the persistent bacterial contamination, 
especially in medical implant surfaces.20, 29 This is evident in those patients who have 
undergone a recent surgery, with some type of biomedical implant, where colonization 
of resistant pathogens can occur at the transplant-tissue interface. In this scenario, what 
we call "race to the surface"30 occurs, in which cells compete against pathogens to 
colonize the surface. If the cells achieve this, rapid proliferation will occur, creating a cell 
layer discouraging pathogen attachment and reducing the risk of infection. On the 
contrary, if the pathogenic bacteria manage to colonize the surface faster than the cells, 
the adhesion and formation of a bacterial biofilm31-33 will seriously compromise the 
osteointegration. Unfortunately, in most cases, it is the pathogen that just prevails. 
1.2.1. Classical approach: Antifouling vs Bactericidal 
Antibacterial strategies for surfaces can be explained by two different mechanisms. 
While antibiofouling refers to the presence of a surface that is inherently resistant, or 
has the ability to limit the attachment of microbes (i.e. an unfavorable surface 
architecture for attachment or the presence of an unattractive surface chemistry for the 
attaching microbial species), bactericidal surfaces try to disrupt any cells that have 
adsorbed onto the surface, resulting in the death of the cells. Bactericidal surfaces 
possess characteristics that can either physically or chemically disrupt the cell 
morphology.34, 35  
Thus, a classical classification is to divide antibacterial treatments as passive or active, 
depending on their ability to discourage bacterial cell attachment or actually kill 
contaminating bacteria, respectively. 18 (Figure 1.2). 
 





Passive coatings are typically based on antiadhesive polymers that prevent bacteria 
attachment. Among all polymers, polyethylene glycol (PEG) is probably the most widely 
used to confer antifouling properties to a material surface22, 36, with promising results 
tested in S. aureus, S. epiderrmis, S. mutans and P. aeruginosa. 37 Its repelling properties 
are related to its flexible and hydrophilic chains. These coatings can easily be applied to 
a broad range of materials and have the advantage of being simple, effective, and not 
requiring the use of drugs.18  
In contrast to passive coatings, active coatings exert their antibacterial action by 
directly killing bacteria. This may be achieved by a very diverse range of molecules, 
including bactericidal polymers (e.g., chitosan, cationic polymers), quaternary 
ammonium salts, ions (e.g., silver, zinc), antibiotics, bactericidal agents (e.g., 
chlorhexidine), and antimicrobial peptides (AMPs).18-21, 23-26  
These strategies are largely reliant upon two physicochemical approaches (Figure 
1.2):  
i. the incorporation of antibacterial agents (e.g., antibiotics or silver ions) on the 
biomaterial via physical adsorption or entrapment in polymeric matrices (drug-
releasing mechanism) 
i. the covalent functionalization of the materials with bactericidal molecules 
(e.g., AMPs). 
Although drug-releasing approaches are commonly applied and have proven their 
efficacy in many reports, the second approach (i.e. immobilization of the antibacterial 
molecule) warrants further research because the release of antibacterial agents entails 
several risks in terms of (off target) toxicity, rapid decreasing concentration due to 
release and loss of activity over time; these latter effects necessitate the use of very high 
doses, increasing toxicity and increasing probability of bacterial resistance.18 
In any case, even when a surface is chemically unfavorable, ions and macromolecules 
such as proteins and polysaccharides secreted by bacteria or from the local environment 
can form a “conditioning film” on the surface. This acts to mask antibacterial functional 
groups so that adhesion and bacterial proliferation can proceed, rendering the 
covalently functionalized material inefficient.38-40  
1.2.2. New paradigm: Mechano-bactericidal mechanism 
In the past decade, a new strategy has emerged to deal with bacterial contamination. 
Bacterial functions have proven to be greatly influenced when contact is made with 
other nanoscale materials in their environment.41-43 Thus, the use of nanostructure 
geometry to deliver lethal mechanical forces, causing bacterial cell death, is starting to 
be explored. Due to this mechanism of action, this strategy may be promising since there 
is no need for dose control or replacement as there is no metabolic consumption. Its 




found in chemical-based methods, such as resistance, and offer new and alternative 
solutions to biomaterial infections.38 
These mechano-bactericidal nanostructures can be prepared as dispersed 
nanoparticles suspended in media, referred to as colloids, or fabricated as surface 
nanotopography (Figure 1.3): 
 
Figure 1.3: Scheme of different mechano-bactericidal nanostructures. Mechano-bactericidal 
nanostructures can be designed to act as suspended colloidal systems, as is the case for carbon 
nanotubes and graphene nanosheets, or patterned as surface nanotopography, such as nanopillars and 
nanospikes. Reproduced from.38 
 
 Colloids: Carbon nanotubes and graphene family nanomaterials 
The first evidence of these mechano-bactericidal nanostructures is attributed to 
single wall carbon nanotubes (SWCNTs). In direct contact with E. coli, they were able to 
puncture and pierce the cell membrane, causing irreversible damage, as a consequence 
of the sharp geometry of the SWCNTs, hinting at the potential of SWCNTs as 
antibacterial materials.44 Further investigations in both Gram-positive (B. subtilis and S. 
aureus) and Gram-negative (E. coli and P. aeruginosa) bacteria led to the conclusion that 
the high aspect ratio geometry of the SWCNTs were primarily responsible for the 
bactericidal effect, behaving like nanodarts while other possible cell death factors, like 
oxidative stress and toxic impurities resulted to be minimal.38, 45, 46 Aside from SWCNTs, 
strong antibacterial activity of graphene nanomaterials has been discovered.47-50 
Satisfactorily tested in both Gram-positive and Gram-negative, with high levels of 
bacterial inactivation, these results reveal that the sharp sheets of the graphene walls, 
in direct contact with the bacterial cells, were responsible for the membrane damage 




bactericidal effect: an atom-thin layer of graphene acts as a nanoblade to cut the cell 
membrane.51  
In another study, simulations made with graphene oxide (GO) nanosheets revealed 
that in suspension, very small GO nanosheets were only able to cause very little 
membrane perturbation and tended to accumulate on the outside of the cell while large 
GO nanosheets were able to pierce through the membrane.52 This result was confirmed 
by TEM analysis, where bacterial cells exposed to GO nanosheets in suspension had the 
cell membrane totally broken and had lost some intracellular medium, leading to the 
conclusion that irreversible damage to the membrane by graphene nanomaterials had 
occurred via some physical means.51, 53 
Despite all these evidences, the bactericidal activity of SWCNTs and GO nanosheets 
is not unanimously accepted as an exclusively mechanically-dependent killing 
mechanism, and more complex pathways have been proposed. Through modeling and 
experimentation, it was discovered that nanomaterials can interact with the bacterial 
cell membrane by adsorbing onto the membrane, passing through it, extracting its lipids, 
inducing pore formation, altering osmotic pressure and culminating in cell 
inactivation.38, 54-59 Other commonly reported antibacterial mechanisms are related to 
oxidative stress initiated by ROS or by charge transfer.59-61 
 
 Surface nanotopography 
Although sharp colloid nanostructures were investigated long before, the existence 
of nanotopography with bactericidal properties was not known until recently. 18, 34, 38, 62, 
63  Natural bactericidal surfaces are widespread in nature in different shapes (e.g. nano-
spikes, cones, wires, pillars or spinules), ranging from insect wings64-71 to gecko skin72-75 
and moth eyes76-79 (Figure 1.4A). These bactericidal surfaces typically consist of high 
aspect ratio nanopillars of diameter between 50–250 nm, with different heights and 
densities, capable to induce self-driven membrane rupture of the bacterial cells during 
cell-surface adhesion.34, 63, 80 
One of the pioneering investigations in this area concerned the cicada wings with P. 
aeruginosa.64 It was revealed that, despite the superhydrophobic nature of the cicada 
wing, there was significant bacterial adhesion on the nanostructured surface. On 
contact, the adhered bacteria went through a rapid morphological change and were 
killed within few minutes as estimated through imaging techniques (Figure 1.4A1).63, 64 
It was concluded that the anti-bacterial nature of cicada wings was not due to its ability 
to repel the bacteria, rather to its ability of kill them upon contact.63, 64 For further 
insight, the wing was also made hydrophilic with a 10 nm gold coating while its surface 
topography was retained, and it was found that its bactericidal activity was preserved, 




hydrophobicity, meaning that the mechanism is physical in nature.62, 64, 71, 81 In light of 
this result, a physical-mechanical mechanism was proposed, whereby the high-aspect-
ratio nano-pillars ruptured and consequently killed the bacterial cells upon surface 
adhesion (Figure 1.4C1-4).82 
 
Figure 1.4: Natural and biomimetic bactericidal surfaces. A) SEM images of natural bactericidal 
surfaces of (1) cicada wings (Psaltoda claripennis) and (2) Gecko Skin (Lucasium steindachneri), which 
reveal the mechanical disruption of the P. aeruginosa and P. gingivalis, respectively. B) SEM images of 
biomimetic bactericidal surfaces (3) black silicon nanowired (bSI) and (4) diamond nano-cone surface, 
both in contact with P. aeruginosa cells. C) Schematic representation of bacterial attachment onto the 
cicada wing nano-pillars showing (1) cellular approach, (2) initial adhesion buckling the cell membrane, 
(3) the apparent rupture of the cell wall in the region suspended between the nano-pillars, and (4) cell 
collapse (death) onto the nano-pillars. Figure A1 adapted from64, Figure A2 adapted from72, Figure B3 
adapted from81, Figure B4 adapted from83 and Figures C1-C4 adapted from82 
Natural bactericidal surfaces have provided scientists with the template for the next-
generation of artificial bactericidal substrates, through silicon81, 84-86, diamond coated 
silicon83, 87, 88, titanium and its alloy89-95, a range of biopolymers73, 96-98, graphene59 and 
more recently carbon nanotubes99 (Figures 1.4B3 and 1.4B4). To carry out all these 
investigations, a large number of nano/microtechniques have been used, including 
reactive-ion beam etching81, 83, plasma etching87, laser ablation81, microwave plasma 
chemical vapor deposition83, nano-imprint lithography97 and bench-top nano-
templating73, among others.73, 89, 97, 100  
The first successful attempt to artificially produce nature-inspired bactericidal 
structures was through silicon substrates, which were altered to incorporate high-
aspect-ratio nanopillars that mimicked those found on the wings of one species of 
dragonfly.81 Among the silicon substrates, black silicon (bSi) is a synthetic nanomaterial 
obtained by reactive-ion etching to possess high aspect-ratio nanopillars. Despite bSi 




includes the biomedical field.105-108 The resulting substrate (Figure 1.4B3) differed in 
nano-architecture from that of the dragonfly wings, in that the nano-protrusions were 
sharper and more discretely arranged, displaying a lower degree of clustering.34, 81 The 
bSi surface was found to be highly bactericidal against both Gram-negative and Gram-
positive bacteria and, notably, the bSi substrate often displayed higher degrees of 
bactericidal efficacy than their biological blueprints (cicada and dragonfly wings), 
establishing the realistic opportunity to develop effective, optimized, next-generation 
antimicrobial nano-materials34, 81 (e.g. implant material81, 85, 87, 109, water treatment 
devices110, medical sutures111, and surgical instruments.90, 112, 113 
1.2.3. Forces involved in the rupture of the bacterial cell wall  
Clear advantages of mechano-bactericidal strategies compared to traditionally 
chemical ones have been discussed above. However, the real effect of mechanical action 
on the antibacterial activity is under debate in the literature.51, 60, 62, 69, 99, 114-118 In 
addition, there is still a lack of quantitative information on the mechanisms involved in 
the physical damage of the bacterial cell wall, although some insight has been gained 
with atomic force microscopy (AFM) experiments as well as modelling.46, 64, 70, 82, 119, 120  
Previous work using AFM nanoindentation with sharp cantilevers on a live Gram-
negative bacterium Salmonella typhimurium determined that forces of about 1-2 nN 
were necessary to rupture its cell wall (Figure 1.5AB).119 This study also suggested that 
bacteria were still viable after multiple puncturing, which was interpreted as a rapid 
reorganization of the phospholipids in the cell membrane, resealing the cytoplasm after 
AFM tip penetration (Figure 1.5C). 
 
Figure 1.5: Schematics of AFM indentation on bacteria. A) An AFM tip was brought into contact with 
the surface of a live bacterium immobilized on a silicon substrate. B) A typical puncturing curve obtained 
with a biolever tip. Puncturing curves reveal a variety of information, including the true height of a live 
bacterium, its initial elasticity under physiological conditions, the pressure required to puncture the cell 
wall and the cell indentation before the cell wall was punctured. C) Illustrative schematics of an AFM tip 




In another study, ultrasharp AFM tips were used to simulate the interaction between 
SWCNTs and bacteria.46 It was found that forces above 10 nN were necessary to exert 
permanent damage on E. coli and B. subtilis cell walls, although the measurements were 
performed on air-dried bacteria, which may not be representative of physiological 
conditions (Figure 1.6). This value was used to conclude that a single collision between 
a SWCNT in solution and a bacterium was not able to produce enough force to cause 
mechanical damage on the bacterium surface.46  Instead, antibacterial activity would 
require the cumulative effect of a large number of individually dispersed nanodart-
membrane interactions over time121. On the other hand, other processes such as 
filtration through membranes containing SWCNTs would produce forces higher than 10 
nN that could result in physical damage.46, 122  
 
 
Figure 1.6: Bacterial damage caused by AFM indentation. AFM amplitude images of (A) E. coli and (B) B. 
subtilis. (C) and (D) are, respectively, E. coli and B. subtilis after piercing by a 2 nm AFM tip for 200 times at different 
locations. Small images on the extreme right are enlarged images of areas punctured by the tip. The deflection set 






1.3 Microscopy techniques 
1.3.1. Atomic Force Microscopy 
Atomic Force Microscopy (AFM) is a powerful imaging technique to obtain 
nanometer-resolved topographic images. However, its potential is not limited to that, 
but it is an appreciated tool to study the properties of materials, such as friction123, 
electrical forces124, adhesion125, magnetic forces126, conductivity127, or mechanical 
properties128, for example. AFM can also be used to manipulate or dissect biological 
structures such us cells129, nanoindent virus130 or bacteria131 and to study protein folding 
and unfolding mechanisms132 or molecular recognition events.133 Therefore, this 
technique has played a big role in materials science, biology and solid-state physics over 
plenty of years. Its origin arises in 1986134 and it was developed from Scanning Tunneling 
Microscopy (STM). STM was invented in 1982 by Binning and co-workers135 to 
investigate surfaces of conductive materials, leading them to get the Nobel Prize in 
Physics in 1986.  
The primary element in the AFM is a tip located at the end of a cantilever. When the 
tip comes into contact with the surface of the sample, it scans the sample line by line 
and from this tip-movement a topographic image from the sample is built up. The ability 
to extract a topographic image from the sample is based on the attractive and repulsive 
forces between the tip and the sample. These forces cause the deflection of the 
cantilever, which depending on the attractive or repulsive nature of the force, will be 
deflected towards or away from the surface. At this point, it is necessary to use a device 
capable of converting that cantilever deflection into a topographic image. The standard 
AFM method is based on the optical lever principle136, where a laser beam is focused on 
the cantilever and its reflection is collected on a detector (photodiode). When scanning 
the sample, the cantilever deflects, meaning that any small change in the bending of the 
cantilever is converted to a measurable deflection in the position of the reflected spot 
in the photodiode (Figure 1.7). The majority of AFM has a four-quadrant photodiode, 
allowing the position of the reflected spot to be calculated in two directions: vertical 
deflection (normal) and lateral twisting (torsion). A piezoelectric scanner is used to 
control the movement of the tip over the sample, adjusting its movement in Z to the 






Figure 1.7: Main components of AFM basic principle. Reproduced from137 
 
Different imaging modes are available for the AFM, which differ in the movement of 
the tip when scanning the sample and the controlled variable used by the feedback loop. 
The choice of one method or another depends fundamentally on the nature of the 
sample, as well as the measurement conditions (air or liquid), or the type of measured 
properties, among other factors. Most common operating modes are briefly 
summarized hereafter: 
 Contact Mode 
It is considered the simplest and pioneering method of AFM.134 In contact mode (CM), 
or also called static mode, the tip always remains in contact with the sample during 
scanning, so it has been considered one of the modes that provides the best resolution 
(Figure 1.8A). It is also a very useful mode when it comes to measuring lateral forces 
(e.g. friction123), since being permanently in contact is able to detect areas with the same 
height but have other properties. In contact mode, the controlled parameter is the 
cantilever deflection, so a good control of the force applied is achieved. 
However, due to the permanent tip-sample contact, the latter is subject to possible 
damage or irreversible deformation, which restricts its use for biological samples. 
 Dynamic Mode 
The dynamic mode tries to solve those limitations present in the contact mode. In 
this mode, the tip performs continuous cycles of oscillation near or at its resonant 
frequency138, so the tip is not in contact with the sample most of the time (Figure 1.8B). 




resonant frequency of the cantilever, and where the amplitude of the oscillation is the 
parameter used to control the tip-sample distance, providing the topographic image. 
This means that the damage caused to the sample and the lateral forces experienced 
are much smaller, making this mode very suitable for biological or delicate samples. Due 
to that, the resolution obtained in the images is lower than the one obtained in the 
contact mode. Nevertheless, several challenges can be found when operating in 
dynamic mode, like the difficulty to control the force applied, especially in liquid, where 
the frequency peaks have a lower quality factor or dragging effects. 
 
 
Figure 1.8: Imaging modes of AFM. A) Contact Mode, B) Dynamic Mode and C) Jumping Mode. 
Adapted from137 
 
 Jumping Mode (Force mapping) 
At present, there are other methods that come to improve the previous ones, trying 
to minimize the inconveniences that both modes can present, Jumping Mode (JM)139 
performs successive force - distance curves at each scan point of the sample while the 
lateral movement is done away from the sample, resulting in a lateral force of zero 
(Figure 1.8C). JM is a very used mode, since it allows controlling the force applied at each 
point, avoiding lateral displacements of the sample and with a good resolution 
(however, the acquisition data speed depends on the AFM electronics). This makes JM 
a very convenient way to measure samples in liquid where adhesion is delicate and small 






1.3.2. Overcoming AFM limitations: Combining with optical microscopy 
As discussed above, AFM is highly suitable for imaging biological samples, as it can be 
operated in buffered solution and at controlled temperature, thereby providing high-
resolution imaging of structural surface features and analyzing forces in the pico- and 
nano-Newton regime even on individual cells, bacteria, virus particles, etc. However, 
this technique also has some limitations: AFM cannot be used to image intracellular 
features because it is only used to investigate the sample surface, and usually with no 
chemical or functional information.  
To overcome these limitations, AFM can be combined with optical techniques, for 
example Raman or Infrared spectroscopy.140-142 But most often, it is combined with 
fluorescence microscopy, which is based on the detection of fluorescent molecules 
(fluorophores) attached to a molecule or structure of interest within the sample, acting 
as a reporter that provides contrast in the image. Fluorophores absorb light energy and, 
as a consequence, emit light with lower energy (longer wavelength). Thus, in a standard 
fluorescence microscope, a light beam (e.g. a laser) is used to excite the fluorophores 
and the objective lens focuses the emitted fluorescence from the sample to a detector 
(e.g. a camera) (Figure 1.9). Indeed, fluorescence microscopy is the method of choice in 
the biological sciences due to its ability to use specific molecular labels and access deep 
into a sample, allowing imaging of different cellular, subcellular or molecular 
components, and in real time.143-147 
 






Combining AFM and fluorescence microscopy, two techniques with complementary 
strengths and weaknesses, yields a powerful tool for the investigation of biological 
samples. Thus correlative AFM and fluorescence microscopy enables us to gain 
complementary information of the same sample area, since each technique provides 
information about a specific aspect of the sample (e.g. specific localization of a 
fluorescent molecule of interest in the topography map). This strategy has been used 
for example to detect individual exocytic events correlated to structural changes in 
epithelial cells.148 AFM topography imaging detected the disappearance over time of 
surface protrusions after exocytosis stimulation, which could be confirmed by 
monitoring fluorescently-labeled lamellar bodies.  
This correlative technique was also applied in cell viability experiments, for example, 
to visualize the drug-induced effects on single tumor cells149, monitor the antimicrobial 
peptide effects on bacteria with live/dead fluorescent indicators.150 or assessment of 
bacterial resistance to organic solvents.151 In all cases, bacterial structural changes 
exposed to bactericidal compounds were imaged by AFM and correlated with 
fluorescent labeling. Fluorescence here plays a crucial role to discriminate those live 
cells which are not influenced by the antibacterial agent (green) to those who are dead 
(red). Measuring topographical changes or mechanical properties over live/dead cells by 
AFM and correlate with bacteria fluorescence state over time can provide a better 
understanding of how cells response upon bactericidal effects.  
Since AFM is also exploited for nanomanipulation applications, it is also possible to 
inject fluorescent particles in single cells by AFM and monitoring them by fluorescence 
microscopy.152 Fluorescent particles were attached to the AFM tip and injected to the 
cell by AFM indentation. Thus, AFM tip penetrated the cell wall, and irradiated before 
retracting, leaving the nanoparticles inside the cell as could be visualized by 
fluorescence. Since the AFM potential is limited to topographical changes on the 
surface, this experiment is useful to highlight the importance of fluorescent labeling to 
observe internal physiological processes or targets that could not be monitored directly 
by AFM. 
Our laboratory has developed advanced versions of correlative AFM and fluorescence 
microscopy in the last years, with applications from materials science to biology.153-158 
Most recently, this technique was used to reveal topography-dependent binding of a 
photoactive drug to model amyloid fibers, highlighting the influence of amyloid 
polymorphism on potentially different therapeutic outcomes.158  
As a next major step, the aim is to fully exploit the combination of these techniques 
by operating them simultaneously rather than sequentially. Numerous biological 
processes occur rapidly, and high temporal resolution is required to monitor surface 
changes of the sample and correlate them to specific events by fluorescence. Despite 




carried out sequentially and not simultaneously, a good example of this simultaneous 
technique is the study of selective virus disassembly by AFM nanoindentation with 
fluorescent indicators.159 Here, virus capsid disruption by AFM tip indentation can be 
observed by fluorescence, tracking the genome release in the presence of YOYO-1 dye, 
which binds to DNA and becomes fluorescent. Firstly, AFM nanoindentation was used 
to simulate slow genome unpacking by applying consecutive forces below the capsid 
rupture (e.g. mimicking the uncoating process of human adenovirus with fatigue 
experiments). Fluorescence tracking over time allowed to observe the sequential steps 
until capsid disruption, where a slight rise in fluorescence signal was observed when the 
viral particle lost its first capsomer vertex, and a clear fluorescence enhancement when 
the capsid was totally disrupted, indicating that DNA genome was fully accessible to 
YOYO-1. Later, they simulated a fast disruption of the virus capsid, by applying a single 
puncture with a force above the rupture point. In this experiment, no fluorescence 
enhancement was observed until the puncture was applied, where clear peaks observed 
in the force-time curve matched with the onset of the fluorescence enhancement, 
providing a method to investigate real time changes in genome organization with more 
detail. 
Thus, since the AFM potential is limited to topographical changes on the surface, 
correlative AFM and fluorescence microscopy could highlight internal physiological 
processes or targets that could not be monitored directly by AFM. When AFM and 
fluorescence techniques are operated simultaneously, a more comprehensive 

















1.4 Thesis motivation 
Despite the interest and potential advantages of mechano-bactericidal strategies, 
there are still many open questions about the real effect of mechanical force on bacterial 
death. While some initial studies have proposed different mechanisms of cell rupture, a 
more systematic and quantitative approach is needed to start to comprehend 
mechanically-induced bacterial death. This insight will have an impact on the design of 
improved antibacterial surfaces with high-aspect ratio topography. Therefore, this 
thesis focuses on the characterization of the mechanical interaction between nano-
objects and the bacterial cell wall. To that end, an experimental strategy using 
simultaneous AFM-fluorescence in a systematic and quantitative way is used, which may 
help to provide a deeper insight into the range of forces that are relevant to “mechano-
bactericidal” mechanisms of action, contributing in the development of new materials 
and more efficient antibacterial surfaces. 
The combination of these two techniques, which are based on very different 
principles, is not trivial. For this reason, this thesis has an important component of 
technical development and optimization of sample preparation and nanoindentation-
imaging protocols. It is necessary to find a compromise between the requirements and 
the limitations of each technique. These technical challenges have been overcome in 
this thesis, which allows to study bacterial cell behavior in real time with fluorescence 
microscopy upon AFM nanoindentation. The quantitative results presented here reveal 
the magnitude of the forces that significantly affect bacterial viability, as well as the 














The aim of the thesis is the application of combined AFM and fluorescence 
microscopy to study mechanical effects on E. coli physiology and viability, in the context 
of a better quantitative understanding of bacteria-nanomaterials interactions. The 
objectives of this thesis are:  
1) The development of advanced protocols for simultaneous correlative AFM 
nanoindentation and fluorescence microscopy of immobilized E. coli cells. 
2) The systematic quantification of the forces necessary to produce bacterial cell wall 
rupture in immobilized E. coli. 
3) To obtain relations between force applied and bacterial cell wall response beyond 
rupture. 
4) To obtain relations between force applied and bacterial physiological state, before 
and beyond rupture, including the study of fatigue effects. 
5) To explore complementary methods for fluorescence monitoring of bacterial 
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2. Materials and general methods 
2.1 Correlative AFM and fluorescence microscopy system 
The setup is an adaptation of a commercially available platform that integrates an 
AFM (Nanowizard II, JPK Instruments) and an inverted optical microscope (Nikon Eclipse 
Ti).158 This set up is placed on an active vibration isolation optical table (Thorlabs) (with 
no acoustic enclosure). It has been adapted for simultaneous AFM-fluorescence 
measurements by adding an electron-multiplying charge-coupled device (EMCCD) 
camera (iXon Ultra 897, Andor Technology) (Figure 2.1).  
 
Figure 2.1: Correlative AFM-Fluorescence setup. Adapted from156 
For fluorescence imaging, different lasers were used as excitation source depending 
on the sample: Luxx Omicron (488 nm, nominal 100 mW) and Cobolt Samba (532 nm, 
nominal 100 mW). Wide-field illumination was achieved by focusing the expanded and 
collimated laser beam onto the back focal plane of the objective (Total Internal 
Reflection Fluorescence (TIRF), 60x, 1.49 NA, oil immersion, Nikon). Emission light was 
selected through a dichroic mirror depending on the laser used (z488rd or ZT532rdc, 
Chroma Technology, respectively) and additional spectral filters (HQ500 LP and 
HQ525/50, Chroma Technology, or 641/75 Brightline, Semrock, respectively). The use of 
additional lenses resulted in a final magnification of 148x, equivalent to a pixel size of 
about 108 nm. 
For AFM imaging, the suitable imaging mode was determined depending on the 
purpose of the experiments (see Chapters 3-5), and the type of sample (adherence or 
composition). In Chapter 3, in which a methodology was developed for AFM and 
fluorescence simultaneous correlative measurements, polymer beads were used due to 
their bright fluorescence and ease of handling. In that case, the measurements were 




surface and the cantilever tuning is simpler. For Chapter 4-5, the methodology 
developed in Chapter 3 was optimized and applied to achieve reproducible and optimal 
measurement conditions with live bacteria, which present challenges such as low 
adhesion to the surface. Thus, Force Mapping mode160 (a JPK tool with the same working 
principle as jumping mode, with slower data acquisition electronics) was used for 
imaging bacteria for being the less invasive imaging mode and having the better control 
of forces applied on adhered bacteria. Experiments were carried out in liquid because, 
to address biological questions, measurements near to physiological environment 
provide more relevant conclusions since drying of biological samples could modify their 
structure.161 
Different types of AFM tips were selected to carry out the experiments presented in 
this thesis, depending on the conditions of measurement, sample and purpose of the 
experiment: HQ:NSC35/CR-AU BS (MikroMasch, 8 nm nominal radius, 5.4 – 16 N/m, 150 
– 300 kHz) and HQ:NSC36/CR-AU BS (MikroMasch, 8 nm nominal radius, 0.6 – 2 N/m, 65 
– 130 kHz). For each type of experiment, a compromise had to be found between the 
low stiffness necessary for topography imaging and the relatively high values of force 
that needed to be exerted on the sample for indentation beyond rupture. This 
compromise is particularly critical for soft samples like bacteria.  
 
2.2 Sample preparation 
0.1 m and 0.5 m Ø polymer beads (ThermoFisher, TetraSpeckTM fluorescent 
microspheres sampler kit) were used for the set-up and calibration process developed 
in Chapter 3. E. coli DH10β strain was used as a model to study the bacteria response to 
mechanical forces exerted by AFM, discussed in Chapters 4 and 5.  
E. coli DH10β were growth aerobically until early exponential phase was reached (i.e 
optical density (OD) ~ 0.3 – 0.5). Absorption spectra were recorded on a Cary 50 UV-vis 
spectrophotometer in a 1 cm pathlength quartz cuvette at various moments of bacterial 
growth. Growth conditions, like incubation time and temperature or specific treatments 
made, are specified in Chapter 4 and 5.  
For improving bacterial adhesion, functionalization of the surface (glass) with Poly-L-
lysine (PLL) or Corning Cell-TakTM (CT), an acidic solution of polyphenolic proteins 
purified from marine mussels. was performed for successfully immobilize bacteria. The 
optimal amount of adhesive needed was determined experimentally in Chapter 4. 
For fluorescence imaging, Propidium Iodide (PI, ThermoFisher, 3.34 mg/mL in water) 
was used as a cell death marker. PI is a red-fluorescent cell viability dye which is excluded 
from live cells with intact membranes, but penetrates dead or damaged cells. For 
experiments related to the physiological state of bacteria (see Chapter 5), a plasmid with 
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GFP-MinD162 was incorporated into E. coli, allowing to monitor the oscillations of the 
Min system as a reporter for the physiological state of bacteria through fluorescence 
microscopy.  
2.3 Mechanical characterization by AFM: Nanoindentation 
AFM is best known for its ability to obtain high resolution topographic images, but it 
is also a powerful tool for force experiments. For this purpose, valuable information can 
be extracted from the measurement of changes based on the separation of the tip-
sample at the same point, instead of scanning the lateral position of the tip. This is called 
Force Spectroscopy. In this mode, the cantilever moves always in vertical direction 
towards the surface using the piezo and then retracts. Vertical displacement of the 
cantilever and its deflection are recorded simultaneously. Data collected from this 
experiment is displayed as force-distance curves (Figure 2.2), where the important 
events are plotted as A-F: 
The cantilever is retracted and far from the surface (A). The cantilever starts 
approaching the surface until point B, called “jump to contact”, where the attractive 
forces make the tip snap to the surface. From then, the cantilever starts pushing into 
the surface and deflecting itself until the programmed deflection value (or force) 
specified by software (i.e. setpoint value) is achieved (C). In this region, mechanical 
properties of the sample, like stiffness or Young´s Modulus, can be investigated. Once 
the set point is reached, the cantilever starts to retract from the surface (D), until it snaps 
off from the surface (E) where the adhesion force can be measured. Finally, the 
cantilever returns to its initial starting position (F). 
 
Figure 2.2: Schematic diagram of the vertical tip movement during the approach and retract parts 
of a force spectroscopy experiment. Adapted from137 
The region “C” is where indentation takes place. Assuming that the cantilever is 




mechanical deformation depending on the force applied, geometry of the tip or loading 
rate, among others.131, 163-170 The tip acts as an indenter, while the cantilever behaves 
like a Hookean spring (kc). Because the AFM is able to measure cantilever deflection with 
high precision, the applied force can be easily computed as: 
 
𝐹(𝑛𝑁) = 𝑘𝐶 (
𝑛𝑁
𝑛𝑚
) · 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (
𝑛𝑚
𝑉
) · 𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛(𝑉)             Equation 2.1 
The sensitivity parameter corresponds to the elastic response of the cantilever when 
a force is applied in a hard and non-deformable substrate. Since all the deflection 
corresponds to the deformation of the cantilever and no indentation is present, this 
value allows converting the voltage detected by the photodiode to force units (nN).  
Once this conversion is integrated in the AFM software, Equation 2.1 adapts the form:  
𝐹 = 𝑘𝐶 · ∆𝑑 = 𝑘𝐶 · (𝑑 − 𝑑𝑜)                                                             Equation 2.2 
Where the deflection (d) is now in length units (nm). The indentation depth ( is 
calculated by subtracting the cantilever deflection d from the piezo translation z 
(Figure 2.3): 
𝛿 =  ∆𝑧 −  ∆𝑑 = (𝑧 − 𝑧0) − (𝑑 −  𝑑0)                                           Equation 2.3 
where z0 is the translation of the piezo at the contact point. 
 
Figure 2.3: Typical AFM force-distance curve collected when a sample is indented. Adapted from171. 
Right panels show the tip position on points 1 (above) and 2 (below), where data is computed to obtain 
the indentation () by subtracting the cantilever deflection (d) to the piezo displacement (z) based on 
initial (zo,do) and final tip position (z,d). 
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2.4 Data analysis 
AFM imaging processing was performed using Gwyddion software (v2.48).172 Basic 
treatment functions were applied to every image data: Plane subtraction, flattern base 
and rows alignment. 
AFM force-distance curves were processing using JPK Data Processing173 and AtomicJ 
software174 (version 2.1.2) to convert the raw data, i.e. cantilever deflection vs. z piezo 
position, into force-indentation (F-) and force-time (F-t) curves. Appendix A, analysis 
data section, gathers the software used for the processing and analysis of 
nanoindentation curves obtained in this thesis. 
Fluorescence data were acquired and processed with Andor Solis175 software. The 
software's region of interest (ROI) tool was used to analyse any change in fluorescence 
signal while AFM measurements were being performing. ImageJ176 software was used 
when required for a more advanced representation of fluorescent data (kymograph 
builder plugin177). Kymographs are space-time plots which display intensity values along 
a predefined path over time178. This tool was used in Chapter 5 to graph the physiological 
























3. Methodology development for simultaneous AFM 
nanoindentation and fluorescence imaging 
3.1 Introduction 
Recent advances in imaging tools have greatly improved the ability to monitor and 
analyze biological processes at the micro and nanoscale. By applying several microscopy 
techniques to the same sample, scientists can obtain complementary morphological, 
structural and chemical information that exceeds what is possible with any single 
technique, particularly suited to address insights questions of the modern biological 
sciences179.  
However, combining techniques is not a trivial process. Some problems, such as those 
arising from different requirements for sample preparation or imaging conditions, can 
make this task challenging.155 If the correlative procedure is sequential, some of these 
problems can be mitigated by individually optimizing each step in the correlative 
workflow as required by the technique to be used. For example, in sequential correlative 
AFM and fluorescence microscopy, the sample can be reconditioned to facilitate 
measurements in each of the techniques used (i.e. AFM imaging in dry conditions but 
fluorescence imaging in liquid conditions.155 By contrast, for correlative simultaneous 
measurements, the optimization of the system has to be carried out globally, and it is 
where incompatibilities and greater challenges are found (e.g. same environment, dry 
or liquid conditions, for both microscopy imaging techniques).  
The purpose of this chapter is to develop a methodology to successfully combine AFM 
nanoindentation and fluorescence microscopy simultaneously, enabling its application 
to the study of bacterial cell behaviour when subjected to mechanical stress on its cell 
wall. This chapter will focus on the identification of common problems that may arise 
when carrying out simultaneous correlative measurements. For this, micron-sized 
fluorescent polymer beads will be used, which are easier to image by AFM compared to 










3.2 Simultaneous AFM nanoindentation and fluorescence imaging 
of fluorescent polymer beads: Basic methodology development 
A test sample for these experiments was prepared by mixing 1 uL of 0.5 Ø m 
fluorescent polymer beads (Tetraspeck TM) suspension of with 99 uL of MiliQ water and 
depositing over a cover glass (Ø 25 mm, #2 thickness) and allow to dry completely at 
room temperature. While thinner glass slides are more suitable and typically 
recommended for fluorescence microscopy, thicker slides were used in these 
experiments to reduce vibrations during AFM experiments. Figure 3.1A shows a 
fluorescence image of the sample acquired with 532 nm laser excitation, showing the 
beads as bright spots in an area of 56 x 56 µm2. Then, the AFM cantilever is moved 
laterally (x-y axis) to the top left vertex of the (fluorescence) area and a scan of 50 x 50 
µm2  is performed in dynamic mode at 128 x 128 pixels (Figure 3.1B) so that it fits with 
the optical image outline (red dashed square). If further magnification is required (32 x 
32 µm2, 128 x 128 pixels, blue dashed square), it can be done by scanning a smaller area 
with the AFM (or by digitally zooming into the acquired image) (Figure 3.1C).  
It can be verified that the fluorescent polymer beads have been deposited and fixed 
to the substrate successfully, because no drag is observed in the AFM images. In the 50 
x 50 m2 image (Figure 3.1B) we can distinguish the outline of each bead, despite the 
low resolution, and by increasing the image magnification (Figure 3.1C and 3.1E), the 
rounded shape of the beads becomes more apparent. 
We can also see in the AFM images that the beads appear as comet tails. This is a very 
common artifact (usually called “flying tip”) indicating that the AFM is not properly 
tracking the surface.180 The “tail” of the object appears to the right, since the image was 
recorded scanning from left to right. This artefact can be corrected with a better 
optimization of the feedback parameters (see below), increasing setpoint or decreasing 
scan speed, while trying not to impact sample detachment.  
Once the alignment and correlation of the optical and topographic images have been 
performed, the indentation of one bead is carried out. For this, it is necessary to first 
perform an additional zoom of the selected bead (6 x 6 µm2, 128 x 128 pixels), to 
facilitate the correct indentation in the center of the bead. Adjusting feedback 
parameters and scan speed fixed the flying tip artifact, improving the quality of the 
image (Figure 3.1D) A topography profile shows a height of about 480 nm (Figure 3.1E), 
similar to the nominal specifications provided by the manufacturer.  





Figure 3.1: Correlative AFM and fluorescence imaging of fluorescent polymer beads.                        
A) Fluorescence image of the deposited fluorescent polymer beads on glass. Red dashed square 
represents the 50x50 µm2 area imaged by AFM. Blue dashed square represents a 32 x 32 µm2 AFM 
image zoom of a specific area of the optical microscope. B) AFM image of the red dashed area. C) AFM 
image zoom corresponding to the blue dashed area. D) Individual zoom of one polymer bead (marked in 





The nanoindentation was performed at 2 m/s, with a vertical deflection setpoint 
value of 15 nm, maintained during 2 s (Figure 3.2A). The tip position during 
nanoindentation is indicated with the I-IV indexes. At the beginning of the experiment, 
the tip rests on the polymer bead (I). Then, the tip retracts 1 m from the polymer bead 
(II) and then it approaches the bead surface (III), producing a clear peak in the 
fluorescence signal (t = 2.5 s). This fluorescence peak is produced by the cantilever 
movement, without touching the bead, strongly suggesting that it is an artefact arising 
from reflections, as will be discussed later. Once the contact between tip-bead has been 
made, the cantilever begins to deflect until the force setpoint value is reached, and 
remains close to this position for 1 s (IV) before the applied force ceases and it retracts 
again 1 m (II). The experiment ends when the cantilever returns to its initial state, so 
the cantilever approaches the bead again (III) and rests on it (I), producing another clear 
peak in the fluorescence signal (t = 5.5) during the movement of the cantilever. 
This fluorescence artifact due to the cantilever movement was corroborated by 
varying the residence time of the tip at position IV from 1 to 5 s. The fluorescence peaks 
appeared in all cases with a time delay that matched the expected residence time, 
confirming that the peaks are generated when the cantilever is not touching the sample 
(i.e. approaching and retracting from the sample).    
 
Figure 3.2: Simultaneous nanoindentation and fluorescence imaging on a fluorescent polymer 
bead. (A) Scheme of the tip position (I – IV) over time during polymer bead indentation.                              
(B) Simultaneous measured force-time curve (black) and fluorescence intensity (red). 




While it was possible to implement simultaneous AFM nanoindentation and 
fluorescence imaging in these preliminary experiments, several limitations were found, 
mainly related to reflections and interactions between the cantilever, polymer beads 
and laser.  
We found reflections due to the tip movement during scanning (x-y axis motion) and 
indentation (z axis motion, Figure 3.2B) of the polymer beads.181 This was probably due 
to the high fluorescence intensity emitted by polymer beads and the laser reflection on 
the cantilever.182 This occurs when the cantilever moves over and on the sample, 
producing periodical increases and decreases of the fluorescence signal, like is shown in 
Figure 3.2A for indentation, and becomes more appreciable when scanning a higher 
bead population or very bright beads (Supporting Movie S3.1, Supporting Movie S3.2 
and Supporting Movie S3.3).  
To try to alleviate reflections, TIRF microscopy configuration was also tested. A slight 
reduction of reflections was achieved, although not completely mitigated.  
While some studies have pointed to quenching effects between silicon tips and 
organic fluorophores (e.g. Atto and Alexa fluorophores),183, 184 quenching is probably not 
significant in our case since the AFM tip radius is around 8 nm and polymer beads are 
around 500 nm 
Another drawback is that related to the adhesion to the tip of those polymer beads 
(or fluorophore residues) that could be poorly fixed to the surface. This is a typical 
problem when imaging fluorescent samples, in which contamination results in a 
fluorescent tip (Supporting Movie S3.1 – white spot movement). The consequence of 
this is a decrease in fluorescence image quality and interference with nanoindentation 
results, because not only the tip surface would have changed but also an external 
fluorescent signal is being introduced.  
We have seen that several challenges appear when simultaneous AFM and 
fluorescence microscopy is attempted. The high brightness of the polymer beads, 
together with the interactions of the tip-laser system, produce a series of reflections 
during the movement of the cantilever. This however is not a major concern for the 
experiments reported below with bacteria, as the fluorescence signal of interest is 











Movie S3.1: 0.5 Ø m fluorescent polymer beads showing emission fluctuations 
during AFM scanning with a fluorescent contaminated tip. The white spot moving along 
the sample corresponds to the fluorescent tip. The fluctuations are caused by the 
cantilever movement during the scan.  
 
Movie S3.2: 0.1 Ø m fluorescent polymer beads showing emission fluctuations 
during AFM scanning. Reflection effects could be easily appreciated when the sample 
scanned is more populated.  
  
Movie S3.3: 0.5 Ø m fluorescent polymer beads showing emission fluctuations 
during AFM tip movement on z axis on the center of the fluorescence area recorded. It 
can be observed the different degrees of fluctuations according to the size, brightness 











fluorescence imaging to 






Simultaneous AFM nanoindentation and fluorescence imaging to assess cell wall 
integrity in live bacteria 
43 
 
4. Simultaneous AFM nanoindentation and fluorescence 
imaging to assess cell wall integrity in live bacteria. 
Adapted from: 
del Valle, A; Torra, J; Bondia, P; Tone, C; Pedraz, P; Vadillo-Rodriguez, V; Flors, C. Mechanically-Induced 
Bacterial Death Imaged in Real-Time: A Simultaneous Nanoindentation and Fluorescence Microscopy 
Study, ACS Applied Materials & Interfaces, 2020 https://doi.org/10.1021/acsami.0c08184 
4.1 Introduction 
Once a reliable strategy for simultaneous AFM nanoindentation and fluorescence 
imaging was developed, the next step was to apply it to image mechanically-induced 
bacterial damage in real time. These experiments are relevant to provide quantitative 
information on the mechanisms involved in the physical damage of the bacterial cell wall 
in the context of mechano-bactericidal strategies, as discussed above. 
While previous experiments with atomic force microscopy (AFM) as well as modeling 
have provided some insight into this matter,46, 64, 70, 82, 119, 120 they were not performed 
in physiological conditions or were not systematic. In this context, we set out to design 
an experimental strategy that enabled higher throughput measurements in order to 
capture the potential variability within a larger bacterial population, and in living cells. 
To that end, we performed simultaneous AFM nanoindentation and fluorescence 
imaging of single E. coli cells to quantify in a systematic way the forces necessary to 
rupture their cell wall. We study the puncture of the cell wall of an immobilized 
bacterium with a sharp AFM tip while monitoring in real time the fluorescence signal 
form propidium iodide (PI), a cell membrane integrity marker (Figure 4.1). 
 
 
Figure 4.1: Experimental strategy for simultaneous AFM nanoindentation and fluorescence 
imaging of immobilized E. coli cells. Red dots represent PI molecules that are non-fluorescent in 




4.2 Materials and methods 
Single colonies of E. coli DH10β were grown overnight at 37 °C in 10 mL Luria Bertani 
(LB) medium (Fisher BioReagents, casein peptone 10 g/L, yeast extract 5 g/L, sodium 
chloride 10 g/L). 100 μl of the overnight culture was diluted into 10 mL of fresh medium 
and grown for 2 h at 37 °C - 200 r.p.m, until early growth phase (optical density at 600 
nm ~ 0.3) was reached.  
Cells were harvested by centrifugation (3000·g, 3 min), washed 2 times with 
phosphate buffered saline, pH 7.4, 0.01 M, (PBS, Sigma-Aldrich) and further diluted in 
order to immobilize isolated bacteria on the coverslip. Cells were immobilized by adding 
a 50 μL aliquot of the bacterial suspension in PBS on the optimal amount of PLL or Cell-
TakTM coated coverslips (see section 4.2.1) and incubated for 20 min at room 
temperature. After that, non-adhering bacteria were removed by rinsing the coverslip 
vigorously with PBS. Bacteria were imaged in 100 μL PBS (supplemented with 1 μM PI). 
4.2.1. Determining the optimal conditions for imaging living bacteria in real-
time 
Imaging live bacteria in an aqueous environment is one of the most challenging 
applications for AFM.185 The search for optimal conditions was carried out according to 
the following parameters: viability (lower toxicity effect from adhesive), 
immobilization186 (enough fixation to avoid bacteria dragging during AFM scan) and 
breakage (tip hard enough to be able to break bacteria membrane during 
nanoindentation). 
A greater amount of adhesive will give a better immobilization of the bacteria, but it 
could alter the physiological properties of the bacteria due to electrostatic stress (e.g. 
PLL), compromising its viability.187 On the other hand, a soft cantilever is best suited to 
avoid damaging or dragging bacteria during the scan, but if it is not stiff enough it will 
not be able to break and penetrate the bacteria (main objective of this thesis). 
Therefore, based on these premises, an iterative search for optimal conditions was 
carried out, following the procedure below (Figure 4.2). As said above, the adhesives 
chosen for cell immobilization in this thesis were PLL and Cell-TakTM. 
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Figure 4.2: Procedure used to search for optimal conditions for immobilization and rupture of the 
bacterial cell wall. 
The amount of adhesive was set to be the minimum as possible, so as not to 
compromise viability or alter the mechanical properties of bacteria (PI negative for most 
bacteria – Figure 4.3B). With this restriction, the most suitable AFM scanning mode has 
turned out to be force mapping (better control of forces) with the 0.6 N/m cantilevers, 
since they have been proven to be soft enough to image bacteria without dragging them 
and stiff enough to penetrate the bacterial membrane during indentation (inset Figure 
4.3B and Figure 4.3C and Figure 4.3D, respectively). Effective adhesive concentrations 
and immobilization procedures were: 
- PLL solution, 0.1 % (w/v) in H2O (P8920, Sigma Aldrich) was diluted 1:91 in PBS 
and 100 μL of this solution was deposited on a coverslip and allowed to dry at 
room temperature overnight. The coverslip was then submerged in MilliQ 
water 3-5 times and air dried before cell immobilization. 
 
- Alternatively, 5.7 μL of Cell-TakTM, a strongly adhesive polyphenolic protein 
extract from Mytilus edulis, (1.83 mg/L in 5 % acetic acid) was mixed with 94.3 




allowed the protein to settle on the glass for 1.5 h. The coverslip was then 
submerged in MilliQ water 3-5 times and air dried before cell immobilization. 
For the experiments in these optimal conditions, the cantilever spring constant was 
calibrated before the experiment by thermal noise method (in liquid).188 The position of 
the bacteria was first determined optically (brightfield) and then imaged (5 x 5 μm2) 
using the force mapping mode, where an array of 32 x 32 force-distance curves are 
collected over the entire field of view with low applied force (< 500 pN). After individual 
bacteria were force-mapped, indentation experiments were performed. To investigate 
quantitatively the nanomechanical properties, a single force-indentation curve was 
recorded at the center top of each bacterium. Typical force-indentation curves were 
carried out at typical loading rates of 0.5-2 μm/s and maximal forces of 30-60 nN. After 
indentation experiments, bacteria were typically imaged again to observe possible 
changes in morphology caused by the AFM tip during indentation. 
For fluorescence imaging, samples were excited by laser irradiation (532 nm, 13 
W/cm2, Cobolt Samba). The emission was collected in the camera according to the laser 
path and filters chosen described in Chapter 2. Typical fluorescence data consisted on 
movies of up to 500 frames and 100 ms exposure time per frame.  
The experiments carried out in this thesis have been synchronized by clicking on both 
AFM and fluorescence controls simultaneously, with an error of around 0.5 s between 
both signals. 
4.3 Results 
4.3.1. Quantification of forces to rupture the bacterial cell wall 
Typical simultaneous AFM nanoindentacion and fluorescence experiments are 
displayed in Figure 4.3. Figures 4.3A and 4.3B show brightfield and fluorescence images, 
respectively, of bacteria before AFM nanoindentation, where it can be seen that most 
bacteria are viable (non-fluorescent) and survive immobilization conditions. Selected 
viable bacteria were then imaged with AFM at low resolution (inset Figure 4.3B), and 
subsequently nanoindented in their center (Supporting Movie S4.1 and Supporting 
Movie S4.2).  
Figures 4.3C and 4.3D show the force-distance and force-indentation curves, 
respectively, corresponding to the left bacterium (“1”). The first peak in the force-
indentation curve, which corresponds to the first rupture event upon approach,130 
shows that it occurred at a force of 22 nN, at an indentation depth of about 400 nm, 
which is about 50 % of the cell diameter. The following features in the curve likely arise 
from the AFM tip experiencing further resistance as it penetrates into the bacterium, 
which has gel-like characteristics. Indeed, it has been previously shown that the 
appearance of several peaks in the force-distance approach curves is characteristic of 
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low aspect ratio tips, which experience higher resistance to penetration compared to 
sharp tips.119 After indentation, brightfield (Figure 4.3E) and fluorescence images (Figure 
4.3F) of the same area show that PI fluorescence is only observed for the indented 
bacterium. This observation confirms that the integrity of the membrane is 
compromised due to mechanical rupture after it has been indented at a high loading 
force (bacterium “1”), but not if only low loading forces (of about 500 pN) applied during 
force mapping. The same procedure was then performed on the bacterium on the right 
(“2”), with a similar result (Supporting Movie S4.2). 
 
Figure 4.3: Correlative AFM and fluorescence imaging of E. coli cells with indentation beyond cell 
wall rupture. (A) Brightfield and (B) PI fluorescence images of bacteria immobilized on PLL-coated glass 
confirming that most bacteria do not show PI fluorescence before indentation with the AFM tip. Inset in 
panel B shows a low resolution AFM topography image of two viable bacteria that are visible in 
brightfield but are not stained with PI (white rectangle). (C) Force-distance curve (black is approach, 
green is retract). Peaks in the approach curve reflect resistance to tip penetration, while those in the 
retract curve likely correspond to random interactions with bacterial components or debris; (D) Force-
indentation curve showing a cell wall rupture event (blue arrows). (E) Brightfield and (F) fluorescence 
images after indentation of bacterium “1”, showing PI staining. The AFM topography image confirms 




Force-indentation curves for 24 E. coli cells immobilized on PLL were measured and 
the values of rupture force and indentation depth are collected in the histograms in 
Figures 4.4A and 4.4C, respectively. The values for the rupture force (20.3 ± 4.9 nN) 
(mean ± standard deviation) are consistent with previous AFM work on Gram-negative 
bacteria that showed that no puncture occurred at forces below 10 nN,46, 131 but larger 
than previously reported in the literature for other direct119 and indirect 
measurements.62, 189, 190 In our experimental conditions, we only observed a single 
rupture event below 10 nN (Figure 4.4A). Values of indentation depth at rupture show 
a broad distribution (373 ± 157 nm, Figure 4.4C), presumably due to bacterial size 
variability. 
At this point, it is important to recall that the cell wall of Gram-negative and Gram-
positive bacteria behaves as a viscoelastic solid material.164 An important property of 
this type of materials is that their mechanical properties depend on the rate at which 
they are deformed. Their stiffness, for example, increases with the loading rate. Thus, 
for a truly quantitative comparison, nanoindentation experiments on bacteria should to 
be done under exactly the same experimental conditions, and slight differences may 
lead to marked discrepancies. Appendix A provides a mechanical estimation of Young´s 
Modulus and bacterial spring constant (i.e. elasticity and stiffness) before bacteria cell 
wall rupture, to give a more complete vision of the bacteria cell mechanics.  
We further note that higher concentrations of PLL on the surface resulted in even 
higher rupture forces. This observation might be related to the decrease in fluidity of 
model membranes induced by PLL,191 and more generally, consistent with the fact that 
antibiotic compounds affect the mechanical properties of bacteria.192, 193 On the other 
hand, similar values of rupture force (24.9 ± 4.1 nN) and rupture indentation (340 ± 100 
nm) as those shown in Figure 4.4A and 4.4C were obtained on 21 E. coli cells immobilized 
on Cell-TakTM, which has been suggested as gentle strategy for bacterial immobilization 
for AFM experiments.186  
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Figure 4.4: Rupture force and indentation depth histograms. Rupture force (A) and indentation 
depth (B) at for 24 and 21 E. coli cells immobilized on PLL (blue) and Cell-TakTM (purple), respectively. 
The values correspond to the first clear peak in each force-indentation curve, which were all measured 
at 1 µm/s. 
4.3.2. PI fluorescence response to assess cell wall integrity 
As determined above, forces above 20 nN consistently punctured the cells, as judged 
by the appearance of at least one peak in the AFM force-time curve and PI fluorescence 
(Figure 4.5). Figure 4.5A shows the temporal evolution of the applied force (up to 35 nN) 
and a gradual PI fluorescence response upon nanoindentation of an immobilized E. coli 
on PLL, confirming damage to its cell wall. AFM imaging before and after 
nanoindentation (inset) does not reveal major damage on the bacterium. If larger forces 
of about 50 nN are applied (Figure 4.5B), the fluorescence response is somewhat faster 
and major damage can be observed in the AFM image taken after indentation.  
In some cases, typically at lower force values, incorporation of PI after rupture was 
slow (longer than 30 seconds after puncture), and therefore the fluorescence response 
was assessed sequentially after indentation. The fluorescence response upon 
indentation for 36 E. coli cells immobilized on PLL and 21 E. coli cells immobilized on Cell-
TakTM is collected in the histograms in Figure 4.5C and Figure 4.5D, in which “fast” is in 
the order of a few seconds after puncture and “slow” is > 30 s. It is worth mentioning 
that, in a few cases, bacteria showed rupture peaks but no fluorescence response.  This 
histogram provides a quantitative correlation between the magnitude of the rupture 
force and the speed in viability loss, as assessed by PI fluorescence enhancement. This 
observation is reasonable since larger forces will produce a more dramatic perturbation 
in the bacterium (i.e. AFM in Figure 4.5B), which will in turn allow PI to enter more 
rapidly the bacterial cytoplasm and intercalate into DNA. In some occasions, it was also 
observed that bacterial DNA exited to the solution, as inferred by the build-up of a 





Figure 4.5: Simultaneous AFM nanoindentation and PI fluorescence curves of E. coli cells. 
Simultaneous nanoindentation and PI fluorescence of single E. coli cells immobilized on PLL upon 
rupture, with an applied force of up to 35 nN (A) and 50 nN (B). The insets show low resolution AFM 
images of the studied bacterium before (top) and after (bottom) rupture. The black arrows show the 
moment at which puncture occurs, as revealed by the presence of a peak in the force-time curve (not 
clearly observable at this scale but shown in Insets IA and IB, respectively). (C) and (D) Distribution of the 
PI fluorescence response (“fast” corresponds to an increase of at least 30% of the fluorescence signal in 
< 30 s after puncture, “slow” is > 30 s), at different ranges of applied force for E. coli cells immobilized on 
PLL (blue contour) and Cell-TakTM (purple contour). 
It is interesting to note that in Figures 4.5A and 4.5B there is a lag of a few seconds 
between puncture (black arrows) and fluorescence response, compared to similar 
experiments in single viruses in which the response is instantaneous.159 We wondered if 
the inserted AFM tip could be acting as a stopper for PI diffusion into the bacterial 
cytoplasm. To test that hypothesis, the tip position was maintained for 5 or 10 seconds 
after rupture (Figure 4.6A and 4.6B, respectively). Indeed, we observed that, in both 
cases, most of the fluorescence signal appeared only after the tip was retracted. 
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Therefore, part of the observed lag could be related to the time it takes for the AFM tip 
to exit the cell. In addition, we speculate that it takes longer for PI molecules to diffuse 
through the more complex (damaged) bacterial cell wall into the much larger volume of 
the bacterium compared to a virus, before intercalating into DNA and becoming 
fluorescent.   
 
Figure 4.6: Tip influence over PI response. PI fluorescence behavior upon nanoindentation and 
rupture of a bacterium, maintaining the tip indented for 5 s (A) and 10 s (B). Fluorescence only evolves 
after the AFM tip is retracted, suggesting that the tip acts as a stopper for PI internalization. 
 
4.4 Conclusions 
In conclusion, we have designed a simultaneous AFM nanoindentation and 
fluorescence imaging strategy to quantify the mechanical forces necessary to damage 
cell wall in bacteria, upon bacterial cell wall rupture. We find that forces of about 20 nN 
are necessary to break the cell wall in E. coli, which are larger values compared to 
previous studies in other bacterial systems or using different techniques. Our results 
indicate that there is a correlation between the magnitude of the force exerted and the 
loss of bacterial viability and integrity, as assessed by PI incorporation and AFM 
topography imaging. This fact can be understood in the following way: larger forces 
produce a greater damage on the bacterial membrane, which would suppose a greater 
entrance hole for the PI marker, and therefore, the intercalation in the DNA occurs 




Other remarkable fact is the delay between the cell wall rupture and the rise of 
fluorescence signal, in contrast with similar experiments performed in virus.159 This has 
been corroborated through experiments where the PI marker entrance through the 
membrane has been blocked, using the tip as a stopper. In those cases, the rise of the 
fluorescence signal did not occur until the tip was removed, suggesting that the PI 
entrance is not an instantaneous process and cell wall layers may influence the PI 
propagation into bacteria. 
Rupture force and indentation depth values found for E. coli resulted to be quite 
similar between those immobilized in PLL and Cell-TakTM. This fact is expected, since the 
amount of adhesive was minimized during the optimization procedure in order to 
reduce its impact on the mechanical properties of the bacteria. Nevertheless, the small 
deviations observed could be attributed to the bulkier nature of the Cell-TakTM protein 
layer, providing some support to the bacterium, and slightly increasing their elasticity 
and stiffness (see also Appendix A). 
From the AFM point of view, a critical aspect of these experiments is to choose the 
correct cantilevers that will allow not only imaging but also indentation. In order to 
perform indentation experiments, it is necessary to use cantilevers that are stiffer than 
the sample, so the indentation occurs. Therefore, the challenge here was to find a stiff 
enough cantilever to be able to perform higher indentations and consequently rupture 
the bacteria cell wall, and soft enough to scan bacteria without dragging or damaging 
them during AFM imaging. In the hypothetical case that several cantilevers meet these 
premises, it is suitable to use those which stiffness matches the sample stiffness, in such 
a way that it can deflect the cantilever to a greater extent (always within the linear range 
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Movie S4.1: Bacteria cell wall integrity experiment (I). Fluorescence imaging upon 
nanoindentation to break the bacterium “1” cell wall (Figure 4.3). The fluorescence 
emission increases once the bacterium has been penetrated by the AFM tip and tip was 
retracted. As the movie progresses, the outline of the bacterium is better distinguished, 
probably due to the diffusion of the PI inside the bacterium. The movie is sped up; the 
whole experiment took about 60 s.  
There is an animation overlaid with the movie to illustrate when the tip makes 
contact with the bacterium.  
 
 
Movie S4.2: Same as Movie S4, but on bacterium “2”. In this case, the fluorescence 









fluorescence imaging to 
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5. Simultaneous AFM nanoindentation and fluorescence 
imaging to assess physiological state in live bacteria 
Adapted from: 
del Valle, A; Torra, J; Bondia, P; Tone, C; Pedraz, P; Vadillo-Rodriguez, V; Flors, C. Mechanically-Induced 
Bacterial Death Imaged in Real-Time: A Simultaneous Nanoindentation and Fluorescence Microscopy 
Study, ACS Applied Materials & Interfaces, 2020 https://doi.org/10.1021/acsami.0c08184 
5.1 Introduction 
PI staining is a widely used indicator for bacterial viability, however it reports on the 
integrity of the cell membrane and not on the physiological status of the cell. Indeed, 
several reports point to the limitations of PI as a viability indicator in different bacterial 
strains.186, 194-198 Therefore, our next step was to extend our simultaneous AFM and 
fluorescence studies by monitoring the bacterial physiological state upon indentation. 
To that end, we followed the oscillation period of the Min system, a protein complex 
that helps determining the cell division site in bacteria and that has been proposed as a 
reporter of bacterial physiology.187, 199 The Min CDE proteins regulate bacterial fission 
by oscillating from pole to pole to prevent the formation of the Z-ring septum, formed 
by the tubulin homolog FtsZ, anywhere but at the midcell (Figure 5.1A).200-207. This 
dynamic process cycles back and forth every one minute or so, depending on a number 
of factors, including temperature.205 By labeling the Min system with GFP, oscillations 
can be monitored by fluorescence microscopy, providing a convenient and intrinsic 
reporter (Figure 5.1B).  
Since this oscillation mechanism is related to bacterial physiological status, the 
response of the bacterium to induced mechanical damage could be observed in an 
alternative way. In addition to experiments in which the forces applied are beyond the 
rupture point of the cell wall as in Chapter 4, monitoring in oscillations of the Min system 
enable to investigate the response of the bacterium at forces below critical damage. 
Therefore, this method is complementary to the use of fluorescence viability indicators 
such as PI, which are limited to cases in which major damage on the bacterial membrane 
is produced. In this context, the periodic application of forces below the membrane 
breaking point over time, simulating a fatigue effect, could help to understand the 







Figure 5.1: Min system basic oscillation principle. (A) Spatial regulation of Z ring positioning in E. coli 
by the Min system. Reproduced from207 (B) Example of Min-GFP fusion protein oscillations in E. coli 
bacterium. The fluorescence intensity oscillates pole to pole with a period of about 54 s. Numbers 
represent the time scale (s). Scale bar = 2 m. 
5.2 Materials and methods 
For E. coli DH10β expressing GFP-MinD (plasmid pDR122),162 growth medium was 
supplemented with 100 µg·mL-1 ampicillin (Fisher Chemical). Overnight cultures were 
grown following the same conditions for section 4.2. 100 µl of the overnight culture was 
diluted into 10 mL of fresh medium with 100 µg·mL-1 ampicillin, and grown for 2.5 h at 
30 ºC. The expression of GFP-MinD was induced by 25 M Isopropyl β-D-1-
thiogalactopyranoside (IPTG) at 30 °C for 3 h in the dark. 
Cells were harvested and preprocessed in the same way as in section 4.2. The PLL and 
Cell-TakTM coated coverslips were prepared according to the optimal conditions found 
in section 4.2.1 (i.e. 1:91 in PBS for PLL, 20 minutes and 5.7:100 in NaHCO3 buffer, 1.5 h 
for Cell-TakTM). 
The AFM imaging and nanoindentation procedure was the same as mentioned in 
section 4.2.1, using the force mapping mode to scan the bacteria after optically locating 
them. Both AFM tips and procedure to calibrate the cantilever spring constant were also 
the same. Force-indentation curves were carried out at loading rates of 1 μm/s and 
maximal forces of 50 nN.  
For fluorescence imaging, samples were excited by laser irradiation (488 nm, 27 
W·cm-2, Luxx Omicron). The emission was collected in the camera according to the laser 
path and filters chosen described in Chapter 2. 50-170 frames were typically collected 
at 3 s intervals and 100 ms integration time per frame. To reduce photobleaching, a 
shutter (SHB05T - Ø1/2", Thorlabs) connected to a wave generator (TTi TG330) and 
synchronized with the EMCCD camera was used to restrict the irradiation that reached 
the sample only during acquisition. 
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5.3 Results and discussion 
5.3.1. Effects of Poly-L-lysine and Cell-TakTM coatings on attached E. coli. 
As mentioned above, the Min oscillation periods can be influenced by multiple 
environmental factors, such as liquid medium (e.g. LB, PBS, M9 minimal salts), pH, 
temperature or bacteria growth state.162, 208, 209 Therefore, an initial assessment of the 
effect of surface adhesive on the Min oscillation period was performed. 
The average oscillation time from pole to pole for E. coli bacteria immobilized in both 
PLL and Cell-TakTM was analyzed and plotted in Figure 5.2. Both histograms have a similar 
distribution, with close average oscillation times. For 51 E. coli cells immobilized on PLL, 
we found tosc = 60 ± 9 s (mean ± standard deviation), with a close value of tosc = 56 ± 9 s 
found for 27 immobilized on Cell-TakTM. These results are in agreement with the values 
reported in the bibliography205, 210 and the similar values obtained for PLL and Cell-TakTM 
confirm the successful optimization process done to minimize the influence of the 
adhesive. The slightly longer oscillation times  for bacteria immobilized on  PLL  can be 
explained by the antibacterial activity of PLL, as reported in literature.187 
 
Figure 5.2: Min oscillation time histogram. Oscillation time histogram for E. coli cells immobilized in 
PLL (blue) and Cell-TakTM (purple). 
 
5.3.2. Monitoring physiological state beyond rupture point 
Figure 5.3A shows Min oscillations of an individual E. coli cell expressing GFP-MinD.162 
Before puncture, the oscillation period is about 63 s, close to typical values reported,205, 
210 and previously found for our experimental conditions based on immobilization 
procedures. After one indentation with a low force of about 5 nN (green dotted line), 
below the rupture threshold estimated above, the oscillation slows down only slightly. 




oscillation (Supporting Movie S5.1). Figures 5.3B and 5.3C shows fluorescence images at 
the beginning of the experiment (t = 0, GFP channel) and the end of the experiment (PI 
channel), where it can be seen that PI staining is positive for bacteria punctured (P, blue 
circle) because the cell membrane has been penetrated, while no PI staining is found for 
the control bacteria (C, orange circle). These observations confirm that forces below the 
rupture point (Figure 5.3D, green curve) do not have a critical effect, whereas those 
above 20 nN affect both the integrity of the cell wall (Figure 5.3D, red curve), as seen in 
the PI experiments, as well as bacterial physiology. 
 
Figure 5.3: Simultaneous AFM nanoindentation and fluorescence imaging of Min oscillations in E. 
coli cells to assess physiological state beyond cell wall rupture. (A) Pole-to-pole oscillations of GFP-
MinD upon indentation of an E. coli bacterium immobilized on Cell-TakTM with low force (5 nN, green 
dotted line) and above rupture (45 nN, red dotted line). Blue and pink curves correspond to the average 
fluorescence intensity of each pole (dark and light grey lines, respectively. P and C show kymographs of 
the punctured and a control (non-indented) bacterium, respectively. The dimension of the y-axis in both 
kymographs is about 2.5 µm. The gradual decrease in fluorescence intensity in all panels is due to GFP 
photobleaching. (B) MinD-GFP fluorescence images of E. coli cells at t=0. (C) PI fluorescence images of 
the same area than (B), showing PI staining for bacteria punctured (blue circle). Orange circle shows a 
non-indented bacterium, as a control, with no PI staining. 
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5.3.3. Monitoring physiological state without rupture: fatigue effects 
We also investigated if several consecutive indentations at low forces, with no cell 
wall rupture, produced a measurable “fatigue” effect on bacterial physiology. In this 
context, two different indentation experiments were performed. The first one (Figure 
5.4) was done by applying 5 nN forces every 10 s (Supporting Movie S5.2). The second 
one (Figure 5.5) was carried out by applying 2 nN every 9 s, maintaining the indentation 
during 5 s (Supporting Movie S5.3). Interestingly, in both cases, a halt of Min oscillations 
could be observed after several indentations, suggesting that bacterial physiology was 
indeed compromised. It is interesting to note that oscillations halt earlier in the case 
where the force is maintained for a longer time, even though it is lower (2 nN vs 5 nN). 
This interesting observation suggests that contact time between nanomaterials and the 
bacterial envelope is a more important parameter in their mechano-bactericidal activity 
at this range of force interactions, although more systematic experiments need to be 
done to clarify this point. 
For the second experiment PI staining was monitored after the oscillation halt and, 
as can be seen in Figure 5.5B, PI fluorescence was not detected, which highlights that 
cell wall integrity markers do not provide a complete picture of bacterial viability, and 
that reporters for bacterial metabolism or physiological state can complement viability 
studies. Moreover, the observed fatigue effect is consistent with the suggestion that the 
antibacterial properties of high aspect ratio colloidal nanoparticles such as SWCNT may 
stem from the accumulative action of many low force collisions.46 
 
Figure 5.4: Simultaneous AFM nanoindentation and fluorescence imaging of Min oscillations in E. 
coli cells to assess physiological state due to fatigue (I). (A) Pole-to-pole oscillations of GFP-MinD upon 
repeated indentation (5 nN for each cycle) of E. coli bacteria immobilized on PLL. Dark grey and light 
gray curves correspond to the average fluorescence intensity of each pole. Green dotted lines represent 
the times at which indentations were performed. (B) Kymograph of the punctured bacteria. The gradual 
decrease in fluorescence intensity in all panels is due to GFP photobleaching. The dimension of the y-





Figure 5.5: Simultaneous AFM nanoindentation and fluorescence imaging of Min oscillations in E. 
coli cells to assess physiological state due to fatigue (II). (A) Pole-to-pole oscillations of GFP-MinD upon 
repeated indentation (2nN maintained for 5 s for each cycle) of E. coli bacteria immobilized on PLL. Dark 
grey and light grey curves correspond to the average fluorescence intensity of each pole. Green dotted 
lines represent the times at which indentations were performed. (B) PI fluorescence image after 
repeated indentation, showing no staining of the indented bacterium (blue circle). Bacteria in orange 
circle is a control showing PI staining, probably due to immobilization. The insets are the kymographs of 
punctured and control bacteria oscillations collected during the experiment shown in (A). The dimension 
of the y-axis in both kymographs is about 2 µm. The gradual decrease in fluorescence intensity in all 
panels is due to GFP photobleaching. 
5.4 Conclusions 
We have demonstrated that Min oscillations are a useful reporter for bacterial 
physiology in these experiments, particularly to study effects of small forces. This 
method is therefore complementary to the use of classical viability indicators such as PI, 
which rely on major damage of the bacterial membrane to penetrate and intercalate 
into DNA. Small disturbances such as fatigue or the effect of immobilization on a surface 
will be reflected in changes in the oscillation period or, in the extreme case, with the 
cessation of oscillation.  
Indeed, by monitoring Min oscillations we have observed that the adhesive does not 
have a large impact in the immobilization process, since values obtained for average 
oscillation time are very similar. This confirms again that the optimization process has 
been successful, this time monitored with a more subtle and direct method compared 
to Chapter 4.  
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For experiments in which forces beyond the rupture point were applied, the obtained 
results are in agreement with the experiments in Chapter 4, confirming that forces 
above 20 nN are able to inflict critical damage as observed by a halt of the Min 
oscillations. 
For fatigue experiments, preliminary results show that lower forces (i.e. below 
rupture point) could be detrimental for bacteria when they are applied repeatedly in a 
short time frame, supporting the accumulation effect proposed in literature for the 
antibacterial activity of SWCNTs by multiple collisions. These experiments also highlight 





















Movie S5.1: Bacterial physiological state experiment (I). Fluorescence imaging of Min 
oscillations upon a low force indentation (5 nN, i.e. with no cell wall rupture)   followed 
by a high force indentation (45 nN, i.e. with cell wall rupture). It can be observed that a 
halt of oscillations occurs only when the bacterium cell wall was ruptured (Figure 5.3). 
 
Movie S5.2: Bacterial physiological state experiment (II). Fluorescence imaging of Min 
oscillations upon six consecutive low force indentations (5 nN, i.e. with no cell wall 
rupture). It can be observed that there is a halt of oscillation while forces are being 
applied (Figure 5.4).   
 
Movie S5.3: Bacterial physiological state experiment (III). Fluorescence imaging of Min 
oscillations upon eight consecutive low force indentations (2nN, i.e. with no cell wall 
rupture) and maintaining the force for 5 s for each cycle. It can be observed that there 






















General discussion and outlook 
67 
 
6. General discussion and outlook 
The aim of this thesis is to provide a more quantitative understanding of how E. coli 
cells response when they are subjected to nanomechanical forces, through a 
simultaneous correlative AFM and fluorescence microscopy. This aim was pursued 
through complementary methods that addressed different aspects of bacterial 
response. The purpose of this chapter is to globally discuss the main findings and current 
limitations of these methods, while potential ideas for alternative experiments or future 
work are outlined.  
6.1 Technical considerations and potential improvements. 
In this thesis, correlative microscopy was successfully applied to analyze immobilized 
E. coli cell wall integrity and physiological state, in the context of the recent emergence 
of bactericidal nanomaterials based on mechanical-induced damage due to their 
nanofeatures. These studies are an example of how a better understanding of complex 
biological systems can be achieved by combining techniques, whilst applying these 
techniques independently would not allow addressing these questions. Simultaneous 
AFM force spectroscopy and fluorescence imaging in real time of E. coli cells allowed us 
to quantify the forces needed to be able to penetrate the cell wall.  
As with most advanced microscopy applications, compromises between temporal 
and spatial resolution have to be made. As discussed in Chapter 2 and 4, force mapping 
was used for topography imaging bacteria, since both contact and dynamic modes did 
not provide low enough forces to avoid bacteria dragging during imaging in the explored 
conditions. Thus, force mapping provides low resolution images but at a reasonable 
acquisition time. Longer acquisition times have the drawback that the environmental 
conditions and bacterial morphology/state could change during the experiment. This 
could be solved with a more advanced AFM setup (better than our current JPK 
Nanowizard II), with better electronics that allow to perform similar experiments faster 
and with improved resolution. With this upgrade, it would be possible to correlate in a 
better way the PI entrance and fluorescence response with the local damage induced by 
the AFM tip when cell wall is ruptured, similar to those performed in air conditions46 
(Figure 1.6) with higher resolution. It is important to note that measurements performed 
in air generally provide better topography resolution than those performed in liquid, but 
with an AFM which provides a high enough resolution it would be possible to better 
appreciate damage caused to bacteria. If imaging could be faster, the changes in 
environmental conditions and bacterial morphology/state during time are expected to 
be reduced, and topographic changes between before and after puncturing could be 





On the other hand, successful nanoindentations were performed to analyze the 
bacterial response for force ranges between 0-60 nN. Cell walls were successfully 
ruptured, by observing both a PI rise in the fluorescence counts and clear peaks in the 
force-distance curves. However, the indentation speed was quite high (1 m/s for a 
bacterial height around 0.8 m), and indentation occurred in less than a second. This 
means that it is very hard to assign the exact peak that corresponds to bacterial cell wall 
rupture and PI entrance. In this context, the next step would be to perform indentations 
at lower speeds (e.g. 10-50 nm/s). This would allow us to obtain a higher peak resolution, 
helping us to determine which is the bacterial cell wall breakage point. This would help 
to clarify if the few experiments in which a single clear peak was observed but with no 
PI response could be related to an insufficient cell wall rupture, taking into account that 
the bacterial cell wall consists of two membranes and a layer of peptidoglycan. 
Moreover, these experiments would require a better synchronization between AFM and 
fluorescence, e.g. with more advanced electronics, as the synchronization error of our 
current protocol is about 0.5 s. The suggested improvements of the indentation 
experiments would allow to obtain statistic of the number, relative position to PI 
fluorescence increase and magnitude of those peaks presented in whole force distance 
curves, and achieving a more in-depth study of the cell layers7 that are being penetrated 
by the AFM tip.  
This thesis suggests that bacterial cell viability can be compromised without rupturing 
the cell wall, by applying consecutive forces simulating a fatigue effect. These 
experiments were preliminary and a more systematic study with improved statistics 
would be needed to understand how this fatigue effect alters the physiology of the 
bacteria. However, it is difficult to achieve high statistics in these experiments, mainly 
due to two factors: the slow oscillation of the Min systems and the  incomplete 
expression of Min-GFP in E. coli.162 As mentioned in Chapter 5, the average oscillation 
time is about 60 and fluorescence data acquired was about 300 s, longer than cell wall 
integrity experiments with PI (about 30 s). Thus, physiological experiments take 10 times 
more than PI ones. In terms of Min-GFP expression, it is important to mention that every 
bacterium does not correctly express the introduced plasmid (pDR122162). This issue was 
shown to be dependent of the type of plasmid chosen211, where not all bacteria that 
contained the plasmid (e.g. pDR113 (MinE-GFP) or pDR119 (GFP-MinD)) and that 
showed GFP fluorescence exhibited Min oscillations. The percentage of bacteria that 
showed fluorescence and the percentage displaying fluorescent oscillations from pole-
to-pole was 22% and 14% respectively for bacteria with pDR113, and 40% and 21% for 
bacteria with pDR119. This limitation was partially overcome with the plasmid pDR122 
used in this thesis, where the percentage of bacteria displaying fluorescent oscillation 
increased significantly meaning that experimental throughput could be improved. 
Looking forward in terms of improved labeling strategies,  selective fluorescent sensors 
for monitoring other parameters related to bacterial physiology, like intracellular pH212, 
glucose consumption213, 214, membrane potential215 or reactive oxygen species (ROS) 
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generation inside bacteria could be used.216 The right choice of fluorescent sensor would 
enable to obtain quantitative information of environmental or physiological parameters. 
In the context of quantitative measurements, improvements in fluorescence labeling 
could be combined with more sophisticated fluorescence techniques. For example, 
fluorescence lifetime imaging microscopy (FLIM) or ratiometric fluorescence imaging are 
two powerful techniques that can measure perturbations on bacterial physiological 
state in a quantitative way. FLIM microscopy produces spatially resolved images of 
fluorescence lifetime, which is independent of excitation intensity, optical pathway 
heterogeneities and fluorophore concentration217. FLIM has been successfully used for 
biological applications such as reporting pH dynamics in living cells after environmental 
perturbances218, measurement of dissolved oxygen concentration in single living cells219 
, based on the fact that the fluorescent probe can be dynamically quenched by local 
oxygen, thereby shortening its fluorescence lifetime or monitoring free and bounded 
nicotinamide adenine dinucleotide (NADH), a metabolic biomarker coenzyme.220  
On the other hand, ratiometric fluorescence imaging is the method where the 
relative intensities of two or more wavelengths of the emission spectrum are measured 
to detect changes in the local environment. The implementation of ratiometric 
fuorescence detection in our setup would be easier than FLIM, as only an optical splitting 
device is needed in the detection path of the microscope. If AFM tip perturbations lead 
to a slowdown in the consumption of nutrients or ions, or any ROS production, the 
ratiometric probe will interact with the target species, and produce spectral changes 
that can be detected and quantified ratiometrically.221  
Combining these advanced fluorescence techniques with AFM presents additional 
technical challenges, but would lead to a more quantitative view of bacterial behavior 
upon nanoindentation. 
Finally, it would be interesting to explore a more realistic scenario of interactions 
between bacteria and nanofabricated topographies. So far, indirect methods have been 
developed based on the deformation produced on nanopillars by bacteria once they 
adhere to the surface. In such scenario, the lateral deflection (bending) of each pillar can 
be described as a function of external applied force, using the nanostructure as a ‘‘force 
sensor”.222-225 It should be noted that this approach is an ex-situ technique, which 
requires the dehydration of cells, metal coating, and then SEM imaging62, so its results 
may not be as representative as those obtained through an in-situ technique, such as 
with the AFM. In this context, the next step in our experiments to better simulate the 
interaction between bacteria and nanomaterials is to attach a bacterium to a tipless 
cantilever and push it against a nanotopographical surface. This experiment involves 
some challenges, such as the fact that such nanostructured surface should be 
transparent enough for fluorescence microscopy, but this line of research has potential 




6.2 Further insights into mechanically-induced bacterial death 
E. coli DH10was chosen as a bacterial model for the experiments carried out in this 
thesis. They are non-pathogenic and widely used for in biology for several 
applications.226 They have been successfully characterized in terms of cell response 
when mechanical forces are induced on their surface, beyond and below the critical 
point where the bacteria cell wall ruptures. The experiments were done for early phase 
grown E. coli (OD at 600 nm close to 0.3), where the majority of cells are “young”. In this 
context, it would be interesting to perform these experiments on older E. coli cells (e.g. 
in their stationary phase), since bacteria morphology is affected by the growth state227 
and the cell cycle state could also affect to the susceptibility of bacteria to force.  Cells 
are genetic machines which consume energy to survive and replicate, in a continuous 
cycle.228 In this context, replication may lead to a transiently weaker cell wall, or on the 
contrary, a more resistant wall that prevents or combats external threats. While the 
majority of experiments presented here were performed on individual bacteria, a few 
experiments were carried out in dividing bacteria. Preliminary observations do not 
suggest that there was an evident effect, but a better topography and indentation 
resolution would allow to obtain a potential correlation between cell replication stage 
and forces required to rupture the bacterial cell wall, if it exists. This could represent a 
more complete scenario when we talk about bacteria contamination on surfaces, where 
bacteria in a heterogeneous growth state adhere on the surface.  
At this point, it is necessary to remark that this thesis is focused in only one bacteria 
species and type (i.e. Gram-negative). As shown in Chapter 1, Gram-positive bacteria 
differ in their cell wall composition from Gram-negative bacteria by the absence of the 
extra cell outer membrane, but instead a bigger layer of peptidoglycan, among other 
differences. In this thesis, we were not able to use for B. subtilis and S. aureus a similar 
immobilization procedure than for E. coli, since the fixation was not strong enough to 
prevent dragging during AFM imaging, probably due to their different surface 
composition. Attempts to find optimal conditions for immobilization with no toxicity 
(assessed by PI staining) for Gram-positive bacteria were unsuccessfully. As discussed 
above, with a hardware upgrade which provides better control of the applied forces and 
better stability, this problem could be overcome, and few pico-newtons forces could be 
applied, maybe reducing or avoiding the bacteria dragging during AFM imaging. In this 
hypothetic scenario, experiments would be performed in very similar experimental 
conditions, so the values obtained could be directly compared to those of E. coli cells. 
This would be so assuming that the cantilevers used for these experiments are stiff 
enough to break the Gram-positive bacteria wall, which is not necessarily the case. 
Indeed, stiffness and viscoelasticity differences between Gram-negative and Gram-
positive bacteria have been discussed in literature165, probably due to the thicker 
peptidoglycan layer of the Gram-positive, providing greater rigidity which leads to a 
greater resistance to being indented, so that the applied forces to break the cell wall 
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should be different than those applied to the Gram-negative. This fact was in agreement 
in the only one case in which the experiment could be performed, where fixation was 
enough to perform one indentation experiment in a B. subitilis CECT 356, and PI rise of 
the fluorescent signal was achieved. Figure 6.1A and B shows brightfield and 
fluorescence images of B. subtilis cells, where no PI staining was detected for the 
bacterium marked in blue. Figure 6.1C shows the AFM imaging of the same bacterium. 
It was observed that the rupture force and indentation depth were about 80 nN and 173 
nm respectively (Figure 6.1D and E), and therefore stiffer than E. coli cells studied in this 
thesis. Brightfield and fluorescence microscopy (Figures 6.1F and G) shows PI staining 
for the bacterium after puncture, where damage caused could be observed by AFM 
imaging (Figure 6.1H). Note that PI staining has been obtained with apparently a single 
clear peak, bearing in mind that the Gram-positive only has one membrane, suggesting 
that those E. coli experiments with a single break peak without PI staining were 
insufficient to penetrate both membranes. Nevertheless, the PI response was “slow”, 





Figure 6.1: Preliminary cell wall integrity experiments on B. subtilis. (A) Brightfield and (B) PI 
fluorescence images of B. subtilis immobilized on 1:60 PLL-coated glass confirming that most bacteria do 
not show PI fluorescence before indentation with the AFM tip. (C) shows a low resolution AFM 
topography image of the bacterium marked in blue. (D) Force-distance curve (black is approach, green is 
retract). (D) Force-indentation curve showing a cell wall rupture event (blue arrows). (F) Overlaid 
fluorescence and brightfield and (G) fluorescence images after indentation of bacterium, showing PI 
staining. The AFM topography (H) image confirms that structural damage was inflicted on the indented 
bacterium. 
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Alternative immobilization methods based on physical confinement traps can 
overcome the challenge of bacteria poor immobilization under physiological conditions, 
and were successfully tested on E. coli and B. subtilis.229, S. aureus230 and S. sciuri186  . 
However, this approach requires time consuming nanolithography complex and 
sophisticated procedures. 
In any case, the possibility to perform these experiments for Gram-positive bacteria 
analogously to those carried out for E. coli could give a more complete and rigorous view 
of the role that the composition of the bacterial cell wall plays in their response to 
mechanically induced damage, providing a better understanding of the interactions 
between both types of bacteria and the topographical nanomaterials. There seems to 
be an established idea that Gram-negative bacteria are less resistant to nanostructures 
surfaces. This is attributed to the resistance that the greater layer of peptidoglycan gives 
to Gram-positive bacteria. It is suggested that the bactericidal effect depends on the 
physical properties and bacterial cell wall composition38, 66, 82, where higher bactericidal 
effects are found for the Gram-negative bacteria, which are less rigid, so deforms more 
easily. However, factors like bacterial motility or shape, apart from nanopillar density 
and aspect ratio have been demonstrated to influence the bactericidal effect on both 
Gram-negative and Gram-positive bacteria34, 38, 71, 85, 89. On the other hand, the opposite 
trend is suggested for susceptibility to colloidal nanostructures. Some investigations 
showed that these colloidal nanostructures are more bactericidal on Gram-positive 
bacteria, because the additional membrane that Gram-negative possess gives them 
more protection and less sensitivity when penetrated by colloidal nanostructures.38, 45, 
49, 51 The complex wall of the Gram-negative bacteria (membrane-peptidoglycan-



























In this thesis, AFM and fluorescence microscopy have been combined simultaneously 
to study how bacterial cells respond to mechanically-induced damage. The main 
conclusions that can be extracted from the thesis are: 
1) Correlative microscopy provides a powerful tool for studying biological systems in 
real time. Several technical challenges were found and overcome to successfully 
perform simultaneous nanoindentation and fluorescence imaging on living bacteria. 
2) The forces required to puncture the bacterial cell wall of E. coli range from 20-25 
nN depending on the immobilization strategy used. These values are larger than those 
reported in previous studies in other bacterial systems or using different techniques, 
and contribute to a better understanding on the forces involved in the interaction 
between bacteria and mechano-bactericidal nanomaterials. 
3) There is a correlation between the magnitude of the force exerted on the 
bacterium and the loss of bacterial viability and integrity, as assessed by PI incorporation 
and AFM topography imaging. Thus, larger forces produce more structural damage.  
4) PI fluorescence response upon cell wall rupture was not instantaneous. It was 
shown that the delay is mostly related to the fact that the AFM tip acts as a stopper that 
precludes PI incorporation.   
5) Monitoring Min oscillations by fluorescence microscopy is useful to assess 
physiological state of bacteria and provides complementary information to PI. A halt of 
oscillations was observed when the bacterial membrane was ruptured.  
6) Min oscillations also allowed studying more subtle fatigue effects upon application 
of low forces repeatedly without breaking the bacterial cell wall. These experiments, 
which would have not been possible with viability cell markers, can be interpreted in the 












En esta tesis, AFM y fluorescencia se han combinado simultáneamente para estudiar 
cómo las células bacterianas responden al daño inducido mecánicamente. Las 
principales conclusiones que se pueden extraer de la tesis son: 
1) La microscopía correlativa proporciona una herramienta poderosa para estudiar 
sistemas biológicos en tiempo real. Se encontraron y superaron varios desafíos técnicos 
para realizar con éxito la nanoindentación y seguimiento de la fluorescencia de forma 
simultánea en bacterias vivas. 
2) Las fuerzas requeridas para perforar la pared bacteriana de E. coli varían entre 20-
25 nN dependiendo de la estrategia de inmovilización utilizada. Estos valores son 
mayores que los reportados en estudios previos en otros sistemas bacterianos o 
mediante el uso de diferentes técnicas, y contribuyen a una mejor comprensión de las 
fuerzas involucradas en la interacción entre las bacterias y los nanomateriales mecano-
bactericidas. 
3) Existe una correlación entre la magnitud de la fuerza ejercida sobre la bacteria y la 
pérdida de la viabilidad e integridad bacteriana, según lo evaluado por la incorporación 
de PI y las imágenes de topografía AFM. Por lo tanto, fuerzas más grandes producen 
mayor daño estructural. 
4) La respuesta de fluorescencia de PI tras la ruptura de la pared bacteriana no es 
instantánea. Se demostró que la demora está relacionada principalmente con el hecho 
de que la punta AFM actúa como un tapón que impide la incorporación de PI. 
5) El seguimiento de las oscilaciones del sistema Min mediante microscopía de 
fluorescencia resulta útil para evaluar el estado fisiológico de las bacterias, 
proporcionando información complementaria a los experimentos con PI. La ruptura de 
la pared bacteriana tiene como consecuencia la detención de las oscilaciones de Min. 
6) El seguimiento de las oscilaciones de Min permitió estudiar efectos de fatiga más 
sutiles, mediante la aplicación de pequeñas fuerzas de forma consecutiva sin llegar a 
romper la pared bacteriana. Estos experimentos no hubieran sido posibles con 
marcadores de viabilidad, y pueden interpretarse en el contexto de colisiones 
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Appendix A: Calculation of the nano-mechanical properties 
of E. coli before cell wall rupture 
A.1 Introduction 
This section provides a nanomechanical characterization of the intact bacterial cell 
wall in order to provide complementary information to the high force regime studied in 
the main part of the thesis. Several investigations been carried out to quantify the 
mechanical properties of bacteria, but there are two mainly parameters that better 
describe their structural material properties: Stiffness46, 231-238 and Young’s Modulus166, 
167, 171, 239-242: 
Stiffness (k) is the extent to which an object resists deformation in response to an 





                                                                                     Equation A.1   
 
Where,  
F is the force applied on the body (N) 
L is the displacement produced by the force (m) 
 
Therefore, stiffness is an extrinsic property, which depends on the physical 
characteristics of the body (i.e material, size and shape).244  
 
When the sample is indented by the AFM tip, the signal recorded by the photodiode 
corresponds to the linear deformation of the cantilever and the sample. A simple model 
assuming the AFM cantilever and the sample to be two ideal springs in series proposed 










               Equation A.2   
 
Where,  
kb is the stiffness of the bacterium (N/m) 
kc is the cantilever spring constant (N/m) 
keff is the slope of the force-distance curve taken on the bacterium 
 
The advantage this analysis is that it does not require the hypothesis of any model. 
The drawback of this method is that the geometry or the surface of the indenting probe 




with different probes. In addition, the fact that a force–deformation curve is not linear 
over the whole range makes it difficult to set the range where the respective curve 
should be analyzed.244 On the other hand, the elasticity (i.e. the ability of a material to 
recover its normal shape after being stretched or compressed) can be defined by its 
Young’s Modulus (E, or tensile elasticity), which is characterized by the relationship 
between the applied stress on the material (force per unit area) and the resulting strain 
(fractional change in length) in the elastic behavior zone.245, 246 For a perfectly elastic 







                                                                                  Equation A.3 
 
Young´s Modulus describes the ability of a material to resist elastic deformation to 
an applied stress, and contrary to stiffness, the Young´s Modulus is an intrinsic property 
of a material, which does not depend on the size or shape of the body.244 
In order to calculate this parameter, it is necessary to introduce a mechanical model 
to predict the shape of the contact area between the AFM tip and bacteria, taking into 
account several assumptions based in the contact theory considered. The most widely 
used model for AFM nanoindentation data processing is the Hertz model.247 However, 
the Hertz model can be applied only under specific conditions: 
 
- Homogeneous sample (i.e. the material has uniform composition and uniform 
properties throughout). 
- Isotropic sample (i.e. the properties of the material are the same in all directions). 
- Linear elasticity response of the sample (i.e. stress is proportional to strain). 
- Small deformations applied to the sample. 
- Contact surface is flat. 
- Infinite extended sample. 
- Adhesionless and frictionless surfaces. 
 
Despite bacteria, as biological materials, do not fulfill these required premises248, 
some reasonable assumptions (discussed in the next section) can be applied to estimate 
the Young´s Modulus of bacteria.  
 
In order to extract the mechanical properties discussed above, the force-distance 
curves were analyzed according the two different regions that can be found typically 
when indenting bacteria (Figure A.1). Before the tip makes contact with the bacterial 
surface (i.e. contact point, represented as (0,0)) the tip is far away from the bacterium 
and no deflection occurs; therefore, the slope is zero. This region is used to set the base 
line and zero cantilever deflection. Once the tip-bacterium contacts at (0,0), the tip 
begins to indent the bacterium. This indentation causes the slope of the curve to change 
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continuously until it reaches a compliance region, where the slope becomes constant 
just before the bacterial membrane is penetrated by the AFM tip (first peak). This region 
is governed by the Hooke´s law, where the bacterial spring constant can be obtained 
through the slope of the curve.  
 
On the other hand, the non-linear regimen is analyzed with the Hertz model. As said 
before, the nonlinearity is due to the cell elasticity change during indentation.231 This 
Hertzian model takes into account the continuously changes of the contact surface, 
which is one of the main reasons of this nonlinearity behavior. Nevertheless, only the 
first part of the curve is fitted, taking in consideration the Hertz model restrictions. 
 
For both analyses, it has been assumed that the deflection of the cantilever comes 
only from the mechanical indentation of bacteria232, while other possible interactions 
like electrostatic forces between tip-bacteria are not significant enough and can be 
neglected.131    
 
Figure A.1: Bacterial cell mechanical characterization. Force-distance curve of an indented E. coli 
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A.2 Results and discussion 
 A.2.1 Linear indentation analysis 
 
Equation A.2 represents a spring system in series, in which the force applied at any 
piezo position (z) can be calculated as: 
 
𝐹(𝑧) = 𝑘c · 𝑑 = 𝑘b · 𝛿       Equation A.4 
 
The magnitude of the piezo movement is equal to the sum of the compression of the 
two springs, or: 
 
𝑧 = 𝑑 + 𝛿                     Equation A.5  
 
Since the value of the linear slope, s, is the ratio of d to z, combining Equations A.4 
and A.5 gives: 
 
𝑘b = 𝑘c ·
𝑠
1−𝑠
                                                                     Equation A.6                   
                                                               
In order to quantify the value of the linear slopes, it is necessary to analyze the raw 
data values in terms of deflection (d) vs piezo distance (z), where the slope was 
computed just before the first breaking point for each curve, for a piezo displacement 
down to 120 nm (see below). Figure A.2 shows the histogram distribution of the 
bacterial spring constant calculated with Equation A.6 for PLL and Cell-TakTM, where it 
can be observed that both histograms are rather similar. The obtained values are kb = 
0.090 ± 0.022 N/m (mean ± standard deviation) and 0.109 ± 0.032 N/m for PLL (n = 24) 
and Cell-TakTM (n = 21), respectively.  Similarly, a stiffness value for the preliminary 
experiment of B. subitilis (Figure 6.1) of 0.74 N/m was obtained, being approximately 7 
times stiffer than E. coli. 
 
 




Figure A.2: Bacterial stiffness estimation. Bacterial spring constant distribution for E. coli cells 
immobilized in PLL (blue) and Cell-TakTM (purple). 
 
A.2.2 Non-linear indentation analysis 
 
As previously mentioned, a Hertzian based model was used to estimate the Young´s 
Modulus of E. coli cells. The Hertz-Sneddon modification249 for a spherical indenter was 
employed, in order to overcome the limitation regarding the maximum possible 























R is the tip radius 
a is the contact radius 
υ is the Poisson ratio (assumed 0.5 for soft biological samples244, 250, 251) 
 
To solve Equations A.7 and A.8, AtomicJ software was used to analyze force-





To obtain a reliable estimation, only the first 50 nm of the force-indentation curve 
were fitted. In this small region, the bacterial cell can be approximately considered as 
an elastic half space.252-258 An elastic half space is an isotropic and homogeneous 
material that is assumed to extend infinitely in all directions and in depth, with the top 
surface as a boundary.259, 260 As it has been previously reported, if the indenter’s radius 
is at least ten times smaller from each horizontal dimension of the sample, then the 
sample can be considered as an elastic half space.260, 261 In this context, since the 
bacteria cell area is larger compared to the tip radius, one can assume as an 
approximation that the sample is flat. Finally, it is strongly recommended that the 
indentation depth should not exceed the 5-10 % of the bacteria thickness, not only to 
be considered as an infinitely extended sample but also to avoid measuring the 
substrate contribution (Buckle´s rule).248, 262  
 
Figure A.3 shows the histogram distribution of the bacteria Young´s Modulus 
calculated through Equation A.7 and A.8 for PLL and Cell-TakTM. It can be observed that 
both histograms are similar, as for the bacterial spring constant. The obtained values are 
E = 1.4 ± 0.9 N/m (mean ± standard deviation) and 1.9 ± 0.9 N/m for PLL (n = 24) and 
Cell-TakTM (n = 21), respectively. Similarly, a Young´s Modulus value for the preliminary 
experiment of B. subtilis (Figure 6.1) of 21.7 N/m was obtained, indicating higher 
resistance to be deformed elastically than E. coli cells. 
  
 
Figure A.3: Bacterial Young´s Modulus estimation. Young´s Modulus distribution for E. coli cells 
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A.3 Software analysis 
This appendix provides the sequential data processing protocol performed with AFM 
specific software to obtain the results shown in this thesis. Force-distance curves were 
analyzed with JPK Data Processing173 and AtomicJ software.174 The first one is supplied 
with the JPK Nanowizard® system, but  a license is needed to perform the analysis. 
AtomicJ is an open source JAVATM application, which can be found in 
http://sourceforge.net/projects/jrobust in a compressed file, and can be employed by 
any user and able to open typical AFM-spectroscopy format files. 
 
A.3.1. Linear indentation analysis 
JPK Data Processing is able to compute the raw data from indentation analysis in 
terms of vertical deflection (d) vs piezo displacement (z), needed to obtain bacterial 
spring constant values231. Thus, the user can browse and load the raw data curves that 
will be displayed on the panel (Figure A.4). The user can set the contact point (zero force) 
and adjust the baseline by selection the range in the non-contact region of the curve.  
Then, a straight line can be drawn delimiting the range of the curve to be adjusted. 
For this thesis, the slope before the rupture point down to 120 nm of the piezo 
displacement was measured. The software provides the value of the slope in the 
corresponding units (nm/m), which must be converted in such a way that it is 
dimensionless (nm/nm). 
Once the slope is obtained (s = 0.2936), Equation A.6 can be applied to obtain the 
bacterial spring constant (kb), using the kc calculated by thermal noise method188 before 
every experiment (kc = 0.2714 N/m for this case): 






= 0.113 𝑁 𝑚⁄  
 
It should be noted that using a stiffer cantilever will increase the indentation of the 
cantilever (i.e. lower value of the slope), potentially making AFM measurements more 
destructive, but this would not change the spring constant of the bacterium. When 
imaging a hard surface (green line - reference) with an essentially infinite spring 
constant, such as a glass slide, s = 1 (nm/nm); ∆d/∆z= 1, so: ∆d = ∆z. This means that all 
the piezo displacement is translated into only deflecting the cantilever and no 
indentation occurs on the sample. This is useful to appreciate visually how much a 





Figure A.4: JPK data processing. Screenshot of the JPK Data Processing software representing 
vertical deflection (d) – piezo displacement (z) curve of an E. coli cell, where the slope (white line) is 
obtained from the linear region of the approach curve (light blue line). Green line represents the same 
data recorded on the glass slide, where the whole piezo displacement fully corresponds to the 
deflection of the cantilever, with no indentation. Dark blue line corresponds to the retract part of the 
curve. 
 
A.3.2. Non-linear indentation analysis 
AtomicJ software was used to extract the Young´s Modulus from non-linear force (F) 
– indentation () curves based on the Hertz-Sneddon model for spherical indenters249. 
The program computes the raw data and automatically converts it to F-d curves, 
subtracting the cantilever deflection in each point.  In the processing panel (Figure A.5A), 
the user has to introduce the parameters necessary for fitting: Tip geometry (i.e. 
spherical), tip radius (i.e. 8 nm), Poisson ratio (i.e. 0.5 for biological samples), the 
baseline order (1-straight), the cantilever stiffness and sensitivity (in this case, they are 
automatically read from the JPK file) and the contact point algorithm. Here, user can 
both choose it visually (manual) or use iterative methods available on the software 
(automatic). In this thesis, manual estimation was chosen for those curves where there 
was an evident deviation of the contact point. 
Once all parameters were introduced, the program presents the result of the fitting. 
Figure A.5B shows the analyzed force – distance curve, the estimated contact point (i.e. 
the point where the fit starts - red spot) and the transition point (i.e. the point which 
limits the fitting range - blue spot). The user now can move this point, in order to fit the 
desired range. As said in Appendix A, this point was 50 nm as a criterion. In the 
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“Indentation” tab (Figure A.5C), user can check how accurate the fit is to the selected 
model (green points are the experimental data, red line is the model fitting). Finally, a 
table with all the result is displayed as shown in Figure A.5D, showing the desired value 
of E, with the r2 value related to the fitting. 
 
Figure A.5: AtomicJ data processing. Screenshots of the AtomicJ software analysis. (A) Processing 
assistant of the force-distance curves, where the key parameters of the fitting have to be introduced. (B) 
Force-distance curve (purple-approach and green-retract line) according to the estimated contact point 
(red spot) and the chosen transition point (blue spot) chosen. (C) Force-Indentation curve used for the 
fitted range (green points are experimental data and red line the fitting curve). (D) Summary of the 










Values of Young´s Modulus and bacterial spring constant presented above are in 
agreement with previous values for E. coli reported in bibliography164, 232, 235, 263, and 
quite similar between PLL and Cell-TakTM. As said in Chapter 4, this was expected, due 
to a low impact of the adhesive on the cells during the immobilization process. Small 
differences observed are in agreement to the presence of the protein layer at the 
bottom of E. coli cells immobilized in Cell-TakTM, and in accordance with the values of 
the breaking force and indentation depth obtained in Chapter 4, where the bacteria 
immobilized in the Cell-TakTM have a slightly higher breaking point, with a lower breaking 
indentation giving them some extra protection.  
 
On the other hand, it is necessary to mention that due to the nature of the sharp tips 
used to perform the rupture of the bacterial membrane, the values of elasticity obtained 
for the first 50 nm would correspond to the local bacterial envelope and not for the 
whole bacterium. Indenting soft biological samples with sharps tips enables the 
measurement of mechanical properties, but only locally. This is very useful to 
characterize an inhomogeneous material within multiple materials or composition, but 
when trying to quantify a material as a whole, colloidal tips should be used to integrate 
properties over large indentation areas. Complex computational models are required to 
study a soft material in its whole, considering the substrate effect during indentation 
and precisely calculating the contact area between the tip and the sample, especially for 
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